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ABSTRACT

Geophysical methods are a set of indirect methods of investigation that have great
relevance in the study of submerged areas and stand out from conventional methods.
These methods allow easy access to the areas of research and continuous observation of
the surface and subsurface along a profile. Geoacoustic investigation utilizes the physical
principle of elastic wave propagation to investigate the seafloor morphology and
subsurface layer thicknesses.

In port regions, acoustic methods are widely applied for the determination of risks to
marine navigation and dredging. Dredging projects are extremely costly and are potentially
environmentally hazardous due to resuspension of contaminated materials and disruption
of seabed conditions. Thus, single and multibeam bathymetry, seismic, sonographic and
densitometric surveys are common activities for solving these and other issues. The
acoustic signal backscatter pattern, obtained from these methods can be organized into
groups and used for seabed mapping and sedimentological classification.

The state of Espirito Santo has national prominence in logistics with its ports,
notably the Vale's Port of Tubargo. The maintenance of the navigation channels has
always been a concern for the company, for the Brazilian navy, local authorities as well as
the local communities.

Maritime ports generate a huge demand for resources, in addition to a series of
environmental and social matters. Therefore it is of great importance to produce studies
and techniques to map and identify the bottom and sub-bottom with both resolution and
accuracy. The following questions are: what is the behavior of the different frequencies
used on the most appropriate acoustic methods to map the sediment thickness in a
navigation channel and what are the risks to navigation and dredging presented by
defining such characteristics from these methods.

These questions are answered through the study of the acoustic methods with a
multifrequency approach to map the bottom and sub-bottom of the port areas, and the
analysis of the signal response produced by these methods.

In this project, acoustic techniques were used aiming at defining the best strategy
and acoustic frequencies to be applied in maritime port terminals to solve questions
concerning: nautical depth analysis, navigation risk assessment and the definition of the
factual depth required for maintenance dredging. Acoustic multi frequency data and
bottom unconsolidated density values were collected in order to respond to the
abovementioned scientific questions.

Keywords: geoacoustics, multifrequency approach, seismic, sonography, densitometry, ports, dredging,
nautical depth.



RESUMO

Métodos geofisicos sdo um conjunto de métodos indiretos de investigagcao que tém
grande relevancia no estudo de areas submersas e se destacam dos métodos
convencionais, pois possibilitam facil acesso aos locais de interesse e permitem a
observagcdo continua de estratos geoldgicos ao longo de um perfil. Investigagbes
geoacusticas utilizam o principio fisico da propagac¢ao de ondas elasticas para investigar
a morfologia de fundo e espessuras de camadas em subsuperficie.

Em regides portuarias, métodos acusticos sdo extensamente aplicados para a
determinacao de riscos a navegacao e dragagem. Obras de dragagem sao extremamente
onerosas e podem trazer consequéncias ambientais pela ressuspensao de materiais
contaminados e perturbacdo das condigdes de sedimentagdo. Dessa forma,
levantamentos batimétricos mono e multifeixe, sismicos, sonograficos e densimétricos sao
atividades comuns para resolucao destas e outras questdes. O padrdo de backscatter do
sinal acustico, obtido a partir destes métodos pode ser organizado em grupos e utilizados
para mapear o fundo marinho e para classificagcdo sedimentologica.

O Espirito Santo tem destaque nacional em logistica com seus portos de grande
dimensao, nomeadamente o Porto de Tubardo da empresa Vale. A manutencdo dos
canais de navegacdo sempre foi uma preocupagdo da empresa, bem como para a
marinha e para os locais onde esses portos estdo localizados.

Uma obra desse tamanho gera uma enorme demanda de recursos, além de uma
série de questdes ambientais e sociais, dessa forma, € de grande importancia produzir
estudos e técnicas que mapeiem e identifiquem o fundo e subfundo de regibes portuarias
com qualidade. Os questionamentos que se seguem sao: qual o comportamento das
diferentes frequéncias empregadas nos métodos acusticos e mais adequadas para
mapear a espessura sedimentar em um canal de navegagdo e quais sdo Os riscos a
navegacdo e dragagem apresentados por definir tais caracteristicas a partir destes
meétodos.

Esses questionamentos s&o respondidos através da aplicacdo de métodos
acusticos com abordagem multifrequéncia no mapeamento de fundo e subfundo dos
ambientes portuarios e da analise da resposta do sinal produzido por esses métodos.

Neste aplicou-se técnicas acusticas para imagear o fundo e o subfundo marinho,
visando definir a melhor estratégia e frequéncias a serem aplicadas em terminais
portuarios para questdes que concernem a analise da profundidade nautica, avaliagdo do
risco a navegagao e confiabilidade da resposta do sinal acustico que correspondam a real
profundidade que exige em dragagens de manutengdo. Dados de multifrequéncia acustica
e de densidade do material de fundo foram coletados, assim como buscou-se produzir
uma classificagcdo sedimentologica de superficie marinha e a proposta de analise
integrada destes dados a fim de justificar os usos e cuidados com cada técnica.

Palavras-chave: geoacustica, abordagem multifrequencial, sismica, sonografia, densimetria, portos,
dragagem, profundidade nautica.
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CHAPTER 1
INTRODUCTION

Geoacoustic methods are a set of indirect geophysical investigation techniques that
have great relevance in the study of submerged areas and stand out from direct methods
since they allow easy access to the underwater sites, thus enabling continuous
observation of the maritime seabed and subsurface. They are feasible methods for the
observation of large and continuous areas and constitute non-destructive methods (Telford
et al, 1990).

Kearey et al (2009) showed that acoustics studies of high resolution in shallow
water environments have been advancing on activities such as civil building projects,
fishing resources, risk to navigability and dredging activities among others. Souza (2006)
reviewed the use of these methods in shallow water environments and pointed out the
enormous range of investigative possibilities using a wide range of geoacoustic equipment
and the whole spectrum of frequencies currently available.

Marine geophysical research can be divided according to the environment to be
explored. Shallow and deep water are the two main areas of investigation. Souza (2006)
identified shallow environments as those delimited to 50 meters water depth, equivalent to
the isobaths that approximately delimits the internal continental shelf in Brazil. Areas
included are coastal, internal continental shelf, rivers, natural or artificial lakes. Deep
environments are described by areas of water column of hundreds or thousands of meters,
like some outer continental shelves, continental slope and ocean basins. Such
compartmentation directly influences on the instrumentation and technology required to
explore each type of environment.

Shallow water environment comprises coastal areas with depths of a few tens of
meters, such as ports wherefore lighter equipment and lighter power sources are required,
generally less than 300 to 500 J. For deep-water survey environments, with water depths
of hundreds up to thousands of meters, larger vessels and more powerful and robust
energy sources are needed, generally used for the petroleum industry in the deep ocean
reservoirs.

Ports and navigable waterways are included in the shallow water category since
they generally have shallow depths and research targets that correspond to a few tens of
meters below the water column. In these environments the acoustic methods are
massively used to determine the navigation risks due to silting or geohazards on the
navigation channel and evolution basin, volume computation for maintenance and
deepening dredging.



The maintenance of navigable waterways has always been a concern for ports
management, local maritime authority and government. Ports generate huge demands for
resources and efforts in monitoring and maintenance. The more silting dynamics and
seabed and subsurface knowledge is undertaken the better will be the costs management
and the understanding for dredging activities and possible ports expansion projects.

Dredging is the process of landfilling, excavation, removal of soil, sediments or
rocks from the bottom of rivers, lakes and other bodies of water (Bray and Cohen, 2010).
Dredging can be characterized in the following types: implantation, landfill, maintenance
and mining. For port regions, the main activities are: dredging of implantation (operation
for implantation of navigation channels and evolution basins), extension or deepening of
existing access channels and maintenance (Bray, 2008).

The need for maintenance dredging comes from the constant silting process due to
hydrodynamic conditions commonly seen in port regions. Continuous mud deposition may
be a threat to navigation and might cause considerable reductions in nautical depth as
seen by Wolanski et al., (1992), Quaresma et al., (2011) and Bastos et al., (2009). The
dredging process can be very problematic for the benthic community and spread
concentrated pollutants, as dredging causes resuspension of highly contaminated
sediments (McAnally et al, 2007). The Brazilian Navy in its Manual of Operational
Restrictions, determines that only layers with densities under 1200 kg/m® are safe for
navigation and in other cases maintenance dredging is needed.

One of the initial stages of the consolidation process and formation of cohesive
bottoms is the fluid mud (McNally, 2007). This highly concentrated suspension is
associated with the sedimentation process in areas with large supply of fine sediments and
periods of lower turbulence (Ross & Mehta, 1989). This fairly fluidized suspension,
presents concentration between 10 and 100 g/L and densities lower than 1200kg/m®
(Winterwerp & van Kestern 2004).

The identification of fluid mud is commonly performed by geoacoustic methods,
(PIANC, 1997) such as the single or multibeam bathymetric echo sounder operating at
high frequencies. However, when navigating in fluid mud those acoustic sources identify
depths that do not necessarily represent the nautical depth, and part of the fluid mud is
considered as the seabed (Mehta, 2013).

Navigation in fluid mud has not yet been well documented in Brazil, although this
feature is seen in many ports in the country, such as in Rio Grande (RS), Ilha Grande
(SP), Rio Potengi (RN) and at the Amazon River delta (AM). Nonetheless, nor the
maritime authority (Brazilian Navy) neither the Ports authority (Coastal and Ports
Directory) have yet set normative understanding for navigation through fluid mud
(Noernberg & Soares, 2007). Many European ports have adopted navigation on fluid mud
(i.e.: Rotterdam and Zeebrugee) and have been developing research since 1980 (Wurps,
2005; Mehta, 1987).

Mapping the seabed in areas of high sediment accumulation and muddy seabed
generates a scientific discussion about the applicability of different acoustic sources and



frequencies. Some questions may arise from this understanding, such as: what are the
frequencies of acoustic methods best suited to map the bottom morphology and sub-
bottom strata in port areas and how reliable are those data.

1. STUDY AREA

The Port of Tubardo (Figure 1) owned and managed by Vale S/A, is located in
Espirito Santo Bay (ESB), VitérialES. The Ponta de Tubardo, where the port is located, is
inserted in a sector of physiographic division defined by Martin L. et. al., (1996), where
there is moderate exposure to incident waves eroding the coastal tertiary deposits and
forming marine abrasion terraces on the beach and lateritic concretions in the submerged
zone.

20°16'30"S

20°17°20"S

20°18'30"S
g .

4080w 40"150W 4140w 4030w 40"120°W

40160W 40°1530"'W 40M150°W 40"14'30'W 40M140W

Figure 1 - Satellite image of the Port of Tubardao. The navigation channel and evolution basin are expressed
by the continuous black line.



The ESB, previously mapped by Martin et al. (1996), Albino et al. (2006) and
Carmo, (2009), Bastos et al. (2014), shows a moderate to low slope coastward. There is a
region of features proud off the seabed arranged transversely in the middle of the bay.
Such features can be identified as beach sandstones. Also outcrops of the crystalline
gneiss basement are locally spotted near the port area.

Seismic studies performed by Loureiro et al. (2013) showed three characteristic
seabed patterns in the Tubardo Port, being the unconsolidated surface sediments
(identified as sand or mud), medium compacted clay (known as Tabatinga), and a more
rigid material, identified as sandstone.

In studies carried out by Carmo (2009) and Bastos et al. (2014) the surface
distribution of the bottom sediments of the ESB was identified, five classes were found in
which the coarse to fine sand was predominant along the bay whilst mud was observed
mainly in the region of the access channel and evolution basin of the port of Tubargo.

In the proximity of the port, litholastic sediment with low carbonate content and very
fine sediments is observed. It is also observed a considerable amount of metallic minerals,
probably originated from the logistic flow of products loaded into the vessels moored at the
port as seen by Albino (2006), Neves et al. (2012).

The Tubaréo Port is located on the north side of the ESB, at the Ponta de Tubarao
(Latitude 20 ° 17'35 "South, Longitude 040 ° 14'51" West). In the table below it is possible
to see details of the main areas of the port.

Navigation Channel Evolution Bay
Length (m) Width (m) | Depth (m) [ Radius (m) Depth (m)
4.422 285 25,3 365 13,20

Table 1 - Dimensions of the Port of Tubarao.

2. OUTLINES AND STRUCTURE

Research carried out in recent years have shown that the use of multifrequency
sources offers satisfactory results in penetration and resolution in shallow water
environments such as ports (Ayres Neto, 2000, Carneiro et al. 2017, Quaresma et al.,
2011, Souza, 2014, Toth et al., 1997). Therefore, for this research, it was sought to use
several acoustic transducers with different frequencies to analyze how the response of
these signals changes according to the characteristics of the surface and subsurface
features.

This work aims to analyze and compare the conditions of reflection and resolution
(for sonographic and bathymetric data) along with penetration of seismic profiling
according to lithological types and integrate and analyze a wide range of data.

Multifrequency seismic data was used in the Port of Tubardo (Vitoria, Brazil), in
order to discuss the application of this methodology in designing engineering projects in
harbors. The understanding of the acoustic response on muddy areas was assessed
together with its relation to actual density values within the fluid mud layer. This
assessment was made through a combination of acoustic, and in-situ density



measurements as well as laboratory tests. Thus, it was possible to contribute to the
understanding and improvement of research in port environments, assisting in issues such
as navigability, nautical depth and dredging activities agenda.

Geophysical acquisition was carried out with different equipment and different
acoustic frequencies in the navigable portions of the Port of Tubardo. The study and
characterization of these results culminated in the elaboration of this dissertation. This
research is part of the call FAPES/VALE/FAPERJ N° 01/2015 — Pelotizagdo, Meio
Ambiente e Logistica under Title of “Dinamica sedimentar em sistemas portuarios: uma
abordagem sistémica e multidisciplinar SEDPORTOS".

This document is structured in five chapters, as described below.

e Chapter 1 — This section introduces the aim of the research as well as important
concepts about the area of study and the structure of the dissertation.

e Chapter 2 - This section aims to present the scientific background in terms of
geophysical concepts of each technique and equipment used throughout this
work.

e Chapter 3 — This chapter aims to analyze the response of the acoustic signal
from the multifrequency seismic approach and the dual frequency side-scan
sonar in the light of penetration and resolution criteria.

e Chapter 4 — This chapter presents the same structure as the previous. The goal
is to describe the correlation between acoustic data of the single-beam
echosounder bathymetry with density profiles obtained through densitometric
probe. The nautical depth is analyzed in the light of these methods.

e Chapter 5 — At last this chapter seeks to contextualize all the results and
considerations obtained in order to summarize the use of diverse multifrequency
geoacoustic methods in port areas as well as to suggest future research.
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CHAPTER 2
SCIENTIFIC BACKGROUND

Physical properties of the geological materials (unconsolidated rocks or sediments)
define the behavior of waves in the investigated area and can be used for the
understanding and construction of the subsurface geological history, such as density of
rocks and sediments as well as properties of their elastic modulus. Each material has
specific values related to their physical structure. These elastic moduli represent the
deformation suffered by a material as a function of a force exerted on them, such as the
passage of acoustic waves, as seen by Ayres Neto (2000), Jones (1999) and McGee
(1995).

1. ACOUSTIC WAVES

Considering how an acoustic wave propagates through a certain material, it can be
divided into (Kearey et al, 2002):

e Body waves (Figure 1): According to Schon (1996), they propagate even at high
depth on solid or liquid objects. They may be compressional (longitudinal, primary
or P waves, which propagate in solid and fluid media) or shear waves (transverse,
secondary or S waves, which do not propagate on fluids);
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Figure 1 - Elastic deformation and particle motion.
a) Primary and b) Secondary Wave, Telford et al. (1990).

The velocity of propagation of the P and S waves can be defined according to the
relationship (Equation 1) between the density of the media and the elastic moduli (Schon
1996):

4
k+-u
(Equation 1) Vp = / p3 V. = \/%

Where V,, is the velocity of the primary wave, V; is the velocity of the secondary wave, k is the

incompressibility module, u is the rigidity and p is the density of the material.



e Surface waves (Figure 2): The author op. cit also shows that these waves are
confined to the outer portion of the solid earth (Love or Rayleigh) types. They are
not relevant for the marine geophysics due to their ineffective propagation in fluids.
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Figure 2 - Elastic deformation and particle motion.
a) Rayleigh and b) Love waves. Telford et al. (1990).

Acoustic body waves are poorly absorbed by water, allowing surveys in shallow and
deep-water regions (Kearey et al., 2002). The effects of propagation, reflection and
refraction of acoustic waves on the surface and marine subsurface allow inferring the
morphological and sedimentological characteristics of the geological materials
investigated. It is known that rocks and sedimentary structures that vary in density and
composition according to depth and distribution form the seabed (Schon, 1996).

The reflection and refraction phenomena are described by Snell's Law (Figure 3),
which relates two distinct media and their properties to the angle of incidence of the wave
in their contacts. The P wave suffers a split into two components as it interacts at the
boundary between distinct physical property interfaces. There is a separation on a
reflected wave, with velocity V, at the same angle 8, of the incident wave and a refracted
wave, as seen in Equation 2 (Cervency, 1971).
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Figure 3 - Snell's Law for reflection and refraction, Telford (1990).
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Jackson et al. (2007), Cervency (1971), Schon (1996), Ayres Neto & Theilen (1999)
shows that in the event of the emission and propagation of the acoustic pulses, the
transmission of the acoustic wave through the water column occurs, without great losses
or attenuation due to physical characteristics of the seawater. Once these pulses reach the
object of interest and pass through it and propagate in the deeper layers, part of that
energy is reflected back to the acoustic receivers, which are responsible for reading the
acoustic signal return, and are then converted into electrical impulses, interpreted as
physical characteristics of the geological materials.

Acoustic waves are produced and released by the transducers or acoustic sources
of the geophysical equipment in which occurs the generation of a wave commonly
produced by piezoelectric materials McGee (1995).

The elastic characteristics of the medium will define how the wave will behave. The
produced waves have specific geometry and intensity, according to the configuration of the
equipment that generated them. The wavelength refers to the distance between the crests
of the waves, measured at the same point in each wave. Wave frequency is the number of
waves that pass in a second at a specific point. The measurement cycles are called Hertz
(McGee, 1995).

The frequency of the elastic wave (Figure 4) produced by the transducers is
inversely proportional to the energy required to produce such wave and how much will
translate in penetration and resolution of the underwater geological substrates. Smaller
frequencies produce data with lower resolution but with higher penetration. Therefore
require more energy for its generation (Ayres Neto, 2000).

__ Low Frequency

High Frequency

Figure 4 - Relation between waveform and frequency.

Generally, sediments found in the surficial layers of the seafloor are not
consolidated. The consolidation degree varies according to depth, material type,
hydrodynamic conditions and geological factors. Physical properties such as porosity and
density are used in the interpretation of the geoacoustic data once the physical
characteristics are known through literature. The properties of the acoustic waves are
influenced by physical factors of the sediments and how they are arranged: porosity,
granulometry, compressibility, organic matter/gas content and permeability (Telford, 1990).

The reflection and refraction of the wave will influence the amount of energy
reflected and transmitted at an interface between two distinct geological boundaries,
characterizing the seismic reflectors (i.e. seismic) or in the signal intensity and
backscattering (i.e. side scan sonar) (Blondel, 2009).



2. ACOUSTIC SOURCES

The theory described below regarding the acoustic sources functioning is mainly
based on the fourth chapter of the Applied Geophysics Book by Telford et al. (1990). The
operation of acoustic geophysical acquisition equipment follows a pattern: the signal or
wave is produced at the source or transducer through the transformation of an electric
pulse into mechanical energy, that pulse travels through the water column, reaches the
targeted geological object (whether in surface or subsurface), it undergoes physical effects
of reflection, refraction, attenuation, scattering then the signal finally returns to the acoustic
receiver where it is converted into electric pulses and then manipulated into interpretable
properties by the acquisition software. The way the acoustic waves are produced can be
used to categorize different types of sources:

e Resonant sources have the advantage of operational ease because of their good
maneuverability due to their small size, low maintenance cost, high repeatability
and efficiency (high signal-to-noise ratio). These sources include the ones used for
conventional bathymetry (echosounders), side scan sonar, and seismic sources
such as Chirps and parametric transducers. The disadvantage lies in the relative
low penetration compared to other acoustic sources, up to a few tens of meters,
depending on the subsurface content (McGee 1995 and Mosher & Simpkin 1999).

e Impulsive sources release a large amount of energy in an interval of time ideally
close to zero and are capable of producing waves with high amplitude and length,
leading to low frequencies. These sources show higher penetration although there
is a loss in vertical resolution. The way the acoustic waves are produced is used as
a parameter to characterize some impulsive sources, such as by mass acceleration
(boomer), implosive (watergun) and explosive sources (i.e.: sparkers) (McGee
1995).

Souza (2013) suggests a classification of geoacoustic sources according to the
research goal, divided into two main groups: bottom and sub-bottom research (Figure 5).
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Figure 5 - Environment investigation and suggested sources.
Modified from Souza (2013).

I. SEISMIC SOURCES

Seismic profiling is a geophysical for subsurface investigation. Mosher et al. (1999),
and Missimer et al. (1976) show that the penetration and vertical/horizontal resolution are
features dependent on the frequency of the signal generated in the acoustic source or
transducer. Its physical principle determines the time that a wave leaves the source by
propagation velocity, reaches the seismic reflectors and returns to the receiver
(hydrophone or transducer), thus estimating the depth and acoustic impedance of the
geological contacts. The seismic profile obtained can help infer details about stratigraphy
in the most diverse scales.

The acoustic impedance (l1) is given as the product of the velocity of sound
propagation (V1) in a medium by the density (51) of that medium (Equation 3).

(Equation 3) I, =V =6,

The relation of the angles of normal incidence to the reflecting surface is the
reflection coefficient (R) and can be obtained as the ratio between the amplitude of the
reflected signal and the amplitude of the incident wave, represented by the Equation 4.
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(Equation 4)

The reflection coefficient depends on the acoustic impedance contrast between the
two physical media, such interfaces are characterized in the seismic records as reflecting
horizons or simply seismic reflectors, thus delimiting possible geological layers (Ayres
Neto, 2000).

In shallow water seismic reflection, sources such as boomers, sparkers and chirps
are used to investigate subsurface areas, these equipment emit a wide frequency range,
allowing resolution of up to centimeters and the penetration can reach up to a couple of
hundreds of meters, depending on the material they propagate through (Figure 6) (Souza,
2013).

a) Boomer-type sources are commonly used in the investigation for shallow water
environments. They are electromagnetically driven sound sources usually mounted on a
towed catamaran. The navigation positioning is not as precise as with systems where the
source and receiver(s) are directly adjacent (pole or hull mounted). It is possible to reach
up to 200 meters of penetration in saturated sandy sediments (Simpkin, 2005).

b) The Sparker is an explosive-type source. Its operation is based on an electric
discharge generated by an electrode dipped in a conducting medium (sea water). The
rapid and explosive emission of the electric discharge in the sea water creates vapor
bubbles, when rapidly expanded generate a positive impulse that propagates in the water
column generating seismic pulses.



c) Chirp-type sources can be separated into low-resolution (2-8 kHz), high-
resolution (10-20 kHz), and even very-high-resolution (20-50 kHz), they allow considerable
energy and frequency emission control and consequent directivity and great
resolution/penetration ratio. Because of the very high frequencies produced, they have
great vertical resolution but reach penetration of only a couple of tens of meters, for the
lower frequencies and only a few meters for the higher frequencies, depending on the
strata (Souza 2006).
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Figure 6 - Comparison of the expected penetration between the sources Boomer (GeoPulse Applied
Acoustics model) and Sparker. Modified from <http://www.geoacoustics.com> November/2018

II. SIDE SCAN SONAR

The Sidescan sonar (SSS) emits high frequency acoustic signals (50 to 1600 kHz)
at regular time intervals through two transducers (emitter and receiver) located on both
sides of the object (port and starboard), known as fish, towed by the vessel.

The SSS’s transducers are made up of sets of piezoelectric parts that convert
electrical voltage to mechanical energy and propagate that energy through the water
column (Souza 2006). The data obtained are generated through the return of signals
(backscatter) that reach the seabed and return to the receiver with characteristics
corresponding to a series of factors (Morang et al., 1997) such as the type and texture of
the surface sediment, angle of incidence of the signal, micromorphology of the seafloor,
attenuation of sound waves and degree of sediment compaction (Blondel & Murton, 1997).
The definition and recognition of reflection patterns are based on signal intensity and
texture patterns (Ayres Neto & Aguiar, 1993).

The SSS obtains mosaics of the seabed, similar to two-dimensional images (Figure
7). The acquired imagery is useful in many engineering and oceanographic fields such as
nautical chart construction, underwater object identification, geological risk studies,
geotechnics and oceanography of submerged environments and even in search and
rescue operations, i.e.: Preston et al. (2004), Quaresma et al. (2000), Collier & Brown
(2005) and Souza (2006).
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Figure 7 - Side Scan sonar acquisition geometry. Modified from Mazel (1985).

High frequency acoustic signals are highly attenuated by seawater and low
frequency signals are reduced at a much lower rate. Therefore, 50Hz acoustic pulses can
be transmitted for thousands of miles while 100 kHz pulses can only be transmitted up to a
maximum of 1 or 2 km. It is estimated that the fish should be :owed at a height equivalent
to 10% of the lateral swath range reached. Thus, on a survey where lateral reach of 100
meters is sought, the fish should be kept at a height of 10 meters from the bottom surface
(Kearey et al. 2002 and Souza, 2006).

Other features are related to resolution such as the signal beam width and pulse
duration. In the interaction of the SSS signal with the seabed, two phenomena occur:
reflection and backscattering (Figure 8).
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Figure 8 - Reflection and backscattering by the SSS. Modified from Mazel (1985).

Reflection occurs when the signal reaches the bottom surface and randomly returns
at different angles, some of the waves return to the transducer. Backscatter relies on the
interaction between the acoustic waves signal energy and the texture of the seabed
material and the consequent intensity of the return signal. Backscatter is closely linked to
the irregularities seen on the seabed, causing the emitted signal to undergo a spreading
event. Therefore, the rougher the surface, the lower the incidence angle and the greater
the signal return intensity to the transducer (Flemming, B.W. 1976).



III. BATHYMETRY AND BACKSCATTER

Bathymetry determines the thickness of the water column calculated based on the
two-way travel time of the reflection of the acoustic waves on the seabed. A transducer,
known as echosounder, which can be hull or pole mounted on the vessel, emits acoustic
waves. Depth calculation is performed by the time travel and speed of the acoustic signal
from and to the receiver (Clay & Medwin, 1977). Acoustic signals that return faster to
receivers refer to shallower areas, while deeper areas result in a longer time to return.
Acoustic wave speeds may also vary depending on temperature, salinity and pressure
(Telford et al 1990).

Echosounders transducers are made of a piezoelectric ceramic material that
undergoes millimetric changes of size in the event of electric current applied thereto
producing sound waves, thus transmitting a pressure wave with a specific frequency into
the water. Upon the return of this pulse after its reflection, the pulse is converted into
electrical signals by the transducer and converted into depth data (Hughes Clarke, J
2000).

For single-beam echosounders (SBES), acoustic pulses emitted by the source
spread out in the form of a narrow cone and return in the same manner to the receiver
(Figure 9). Wave cones with wider angles display large areas of the bottom surface and
negatively affect system resolution. The opposite occurs when using systems with narrow
signal bundles (Clay & Medwin, 1977).

'i-_ Al
\

Lﬁ,_l,>

~

L e T i r

Figure 9 - Singlebeam echo sounder operation.

Echosounders work with high frequency signals, generally higher than 8, 15, 24 and
30kHz. Currently, dual-frequency SBES working simultaneously with 24, 33 or 38 and
200kHz are used for both deep and shallow water. Depending on the substrate nature,
low-frequency echosounders (below 50kHz) also allow the acoustic signal to penetrate
through superficial layers of sediments (Souza, 2014).

Conventional single-beam bathymetry systems measure the depth of the water
column immediately below the vessel vertically along the research profile, which means
that to obtain a precise bathymetric map, a large number of bathymetric profiles parallel to
each other is required although it is still possible for interlinear features between these



profiles to go unnoticed. The solution for this problem came with the creation of equipment
able to emit sound waves in a fan shape, also known as multibeam echosounder (Hughes-
Clarke et al., 1996 and Blondel & Murton, 1997).

3. DENSITOMETRY

Densitometry is a technique for measuring the density of fluid materials. It is widely
used when there are materials formed by more than one type of substance. In the
geological context, this tool is useful for muddy seabed. Data acquisition with this tool can
be used for assessment of navigation in fluid mud and to improve dredging activities by
determining densities and depth in-situ, (Figure 11) (Fontein & Byrd, 2007).
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Figure 10 - Combined nautical depth survey scheme. Modified from Fontein & Byrd (2007).

The probe works based on the principle that the density of the media in which it is
immersed in is responsible for the resonant frequency of the piezometric element at its
acoustic source. For different rheology parameters, a frequency/density and viscosity ratio
is obtained (Fontein & Byrd, 2007).

According to the author op cit., the acoustic density measurement system is based
on the seismic reflection theory. The reflected energy is governed by impedance contrasts.
The high-water content in the mud mostly governs the velocity of sound in that medium
and shows little change in the fluid material. After a compensation calibration, the system
can calculate the density starting from the return of the acoustic signal.

The tuning fork has a resonant frequency close to 1kHz in vacuum at a given
frequency by applying a voltage to a piezoelectric element located at its base. The natural
resonant frequency of the vibrating fork sensor decreases as the density of the fluid mud
increases, and the amplitude of vibrations decreases with increasing viscosity (Zheng et
al., 2012). The densitometry apparatus descends from the vessel to the seafloor in order
to produce a density profile as it advances through the water column, traversing the
seabed layer of sediment from the bottom.
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CHAPTER 3

THE MULTIFREQUENCY GEOACOUSTIC APPROACH
IN PORT’S NAVIGABLE WATERS

Abstract

Acoustic methods are widely applied in ports and harbors for the determination of
navigation hazards, support to dredging and rock-excavation and/or expansion projects,
stimulating discussions on the applicability of various seismic techniques employing
different acoustic sources emitting a spectrum of frequencies. There is a wide range of
equipment or acoustic systems available, which can generate products with very high
vertical resolution (high frequencies) or high penetration (low frequencies). The
simultaneous use of different acoustic sources enables acquisition of seismic profiles with
both resolution and penetration quality. The multifrequency acoustic approach was
applied in the Port of Tubaréo (Vitoria, Brazil) in order to provide subsidies for designing
engineering and monitoring projects in harbors. Two impulsive sources (boomer and
sparker, frequencies <2 kHz), two resonant sources (chirps, frequencies between 10-20
kHz and 2-8 kHz, respectively) and a double frequency SSS (455 / 900 kHz) were
employed. Such approach enabled the detailed mapping from the point of view of
resolution and penetration.

Keywords: multifrequency, seismic, ports, harbors, dredging, navigability, fluid mud, shallow-water.

1. INTRODUCTION

Applied geoacoustic methods in port regions such as seismic and side-scan sonar
are important components in determining navigation hazards, designing engineering
construction, support to dredging, rock-excavation and expansion projects.

Acoustic methods can also be applied for silting monitoring and nautical bottom
reports to the relevant regulatory body, stimulating discussions on the applicability of
various acoustic sources simultaneously emitting different frequency spectra. (Jones,
1999; Souza, 2006; Atherton, 2011; Fish, Cara & Arnold, 1990; Blondel, 2009; Mosher &
Simpkin, 1999).

Seismic methods are of great importance in such environments due to the range of
equipment or acoustic systems available, which allow generating products with high
vertical resolution (high frequencies) or high penetration (low frequencies). Sonar imaging
allows an instant visualization of the surface morphological features associated with
lithology. The multifrequency approach allows all these data to be obtained in the same
acquisition procedure.

High frequency systems are efficient for mapping the seabed surface and side-scan
sonar systems are one of the main tools in this group (Souza et al., 2007; Souza et al.,



2009; Souza, 2008). Low energy and high frequency resonant seismic systems like
Chirps, operating at frequencies from 2 kHz up to 50 kHz, offer high or ultra-high vertical
resolution profiles and are able to identify shallow sediment strata to within a few
centimeters in thickness (Souza, 2013).

Low frequency systems are employed for subsurface mapping, being able to obtain
data from shallow interfaces to deep reflectors (Souza, 2013). Boomers and sparkers are
this group’s most common sources. They allow the acquisition of seismic reflectors up to
more than 100 m deep. Reflectors are interfaces between layers of contrasting acoustic
properties and might represent a change in lithology, faults or nonconformities (Telford,
1990).

Effectively, most port designing engineering projects require products that allow an
approach from the point of view of both resolution and penetration. Thus, the best solution
is to deal with a wide spectrum of frequencies, in a simultaneous multi frequency
approach, in order to guarantee maximization of product quality control, minimizing
operational costs (Ayres Neto, 2000; Carneiro et al., 2017; Gallea et al., 1989; Loureiro,
2011; Quaresma et al., 2011; Souza, 2014; Téth et al., 1997).

A limiting factor for ports is their ability to receive larger ships which represents an
increase of their profitability. For this purpose, it is necessary that the maximum navigable
depth is deep enough to maintain safe navigation for these vessels. Therefore, deepening
dredging projects are necessary and the complete mapping of the surface and subsurface
of the site is of extreme importance for designing the best dredging equipment, need for
rock excavation, environmental impacts and many other issues regarding port areas.

The port of Tubardo (Vale Company), one of the most important ore exporting Ports
in Brazil, located at Ponta de Tubardo on the north of Espirito Santo Bay, Vitéria/Brazil
went through a deepening dredging from the year of 2012 to 2013, increasing navigation
depths from 22 m to 25 m in the evolution basin and navigation channel, in order to allow
the passage of large scale vessels such as the VALEMAX, capable of transporting up to
400.000 ton.

Due to several past deepening and maintenance dredging activities, the port has
reached areas with exposed sedimentary rocks and crystalline basement outcrops.
Several of these features are described in studies published by Albino (2006), Carmo
(2009), Bastos (2014) and Loureiro (2013), who identified sedimentary rocks, compacted
clay (Tabatinga) and crystalline basement outcrops. Due to the hydrodynamic conditions
of the area and the contribution of fine sediments from continental origin, fluid mud is
present throughout the port's underwater areas.

Therefore, we assessed an approach capable of investigating both surface and
subsurface features simultaneously, indicating the behavior of different frequencies in
various substrates present in the studied port. Dredging projects can be performed more
accurately and port monitoring can become more efficient. Aiming at the development of
geoacoustic research in port environments and assisting in issues such as navigability,
nautical depth and dredging projects.



2. METHODS

Resonant sources, such as the high frequency Chirp (10-20kHz), with high vertical
resolution and lower penetration and a low frequency Chirp (29 kHz) with lower vertical
resolution and higher penetration (Meridata Finland), were used. Impulsive-type sources
were also used, such as the SIG Boomer (0.5-2kHz) and the explosive-type SIG ELC820
Sparker (0.9-1.4kHz).

Seismic data were acquired simultaneously through the multifrequency multi-mode
system MD-DSS Meridata, through the MDCS software. The sonographic acquisition was
made using the Klein 4900 double-frequency side-scan (455/900 kHz), operated at an
average depth of 10 meters off the seabed and utilizing the acquisition software SonarPro.

Seismic data were initially processed using the software Chesapeake SonarWiz,
Meridata MDPS, SeiSee and interpreted through IHS Kingdom. For the interpretation,
each seismic line was analyzed together with the sonar images, aiming to identify the mud
layer, the outcropping acoustic basement and the relation between penetration, resolution
and subsurface strata.

Positioning was acquired by a GNSS DGPS Receiver system operating with two
antennas. A geometric arrangement of the sources was settled so there was no interaction
between the emitted frequencies, improving the signal-to-noise ratio. The Sparker and
Boomer were alternated during the acquisition because of the following reasons: both are
towed and produce similar frequency spectra, the Meridata acquisition system does not
allow both sources to function together and the sparker source available for this research
would wear out its electrical components. 26 transverse and 5 longitudinal lines were
surveyed along the entire length of the evolution basin and the access channel of the Port
of Tubargo (Fig. 1).

Due to the great attenuation loss and depth absorption, boomer and sparker data
were processed using the Seismic Unix software in order to gain in-depth visualization with
lateral continuity and allow better assessment and interpretation of the subsurface
features.

Through the SonarWiz software, the seismic horizons were plotted for the mud
package, for the consolidated material, corresponding to stone or compacted clay and for
the top of the crystalline basement for each seismic frequency. Thickness and penetration
maps were built.

Every seismic continuous seismic horizon was identified and interpreted, their
depths were calculated and fed onto a spreadsheet where different seismic sources could
be compared in terms of penetration in meters. Also, resolution analysis was performed by
calculating vertical measurements between homologue seismic horizons in centimeters,
therefore every source could also be compared in terms of resolution. Similar calculations
were performed for the sidescan data, where resolution was assessed by the imagery
analysis. Resolution values were fed onto a spreadsheet and low and high resolution could
be compared in terms of centimeters.

For a sedimentological understanding, surficial material was collected at 16 stations
using a Van-Veen grab sampler, the sites for sediment sampling were chosen during the



survey based on the response of the geoacoustic data, it was intended to collect samples
were layers of mud and/or unconsolidated sediment were seen. The samples were
processed in the laboratory, performing a laser particle size analysis (Mastersize 2000,
Malvern Instruments) (Amos & Sutherland, 1994). Data from previous geotechnical and
geophysical surveys were also analyzed through previous drilling report (UmiSan Report
2011/41), which allowed the analysis of lithological profiles in order to corroborate the
geophysical data for the associated subsurface material.
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Figure 1 - Localization of the evolution basin, access channel, surveyed lines and collected seabed material.

The physical characteristics of the geological strata are interpreted by geoacoustic
seismic data basically as a function of penetration and resolution values for individual
geological strata.



The penetration is a function of the capacity of the seismic waves to reflect
impedance contrast interfaces. Impedance contrast is related to the interface between two
geological layers with distinct physical characteristics such as density, viscosity,
compaction or porosity. Seismic profiles are capable of identifying such physical
differences allowing interpretation as certain types of geological material, corroborated by
in-situ data like borehole coring.

For this work the identification of the maximum depth of penetration for each
equipment and frequency is conditioned to the visualization and consequent interpretation
of the reflectors associated with the impedance contrasts identified by the acoustic seismic
signals. The processed data of boomer and sparker were important to obtain the maximum
visualization of the deepest points where the continuous reflectors associated with a single
geological feature were present.

For sidescan sonar, this information is read in terms of backscatter strength. The
comparison between the results obtained by different frequencies was statistically
interpreted in terms of the capacities of penetration and resolution in function of the
different geological materials that they reached and crossed. The seismic horizons were
plotted for each of the reflectors in function of the different frequencies, the different
penetration depth values were exported onto statistical software and boxplots were
plotted, allowing quantifying the penetration capacity of each of the acoustic sources.

The frequency of the elastic waves produced by the acoustic transducers is
inversely proportional to the energy required to produce such wave and how much will
translate in penetration and resolution of the subsurface geological strata. High
frequencies produce high vertical resolution and low penetration, whilst lower frequencies
produce data with lower vertical resolution but with a higher penetration, therefore it is
necessary more energy for its generation (Ayres Neto, 2000).

Vertical resolution is a measure of the ability to recognize closely spaced individual
acoustic reflectors in depth and it depends on the wavelength (A) of the produced elastic
wave:

A=vxf

Resonant sources produce higher resolution records, allowing a greater definition of
geological layers at shallow depths, just below the seabed, they use piezoelectric
properties of some crystals to generate the acoustic signal and are usually pole-mounted,
producing data with high geographical precision. The main advantages of resonant
sources are operational ease, low maintenance cost, high repeatability rate, efficiency,
high resolution and geographical accuracy.

Impulsive-type sources, such as boomers, transmits waves by mass acceleration,
releasing energy stored in a capacitor and discharged on a flat spring connected to a
vibrating plate, this source stands out for its great penetration capability. While Sparkers
generate an electric discharge in the conductive medium and creates a high-power vapor



bubble and great emission power of wide frequency spectra (low and high frequencies),
known for its low cost, high penetration, but with less repeatability and limited directivity.

These sources have great penetration capability, but their vertical resolution is
much smaller when compared to the resonant sources and are towed behind the survey
vessel, with varied cable layback, producing uncertainties in the geographic positioning of
the produced profiles. These last sources produced acoustic waves, which were received
and read through a single-channel hydrophone with several piezoelectric sensors
arranged in a cable.

3. RESULTS

According to seismic data analysis, it was possible to observe that propagation and
reflection showed distinct responses for the evolution basin and access channel regions,
possibly due to distinct surface and subsurface geological features and correspondent
physical characteristics (compaction, porosity, etc.)

Sediment analysis (Table 1) showed high content of mud on the seabed of all areas
of the port at a content averaged at 90%. In the evolution basin, 20 to 30% of sand was
found. Beneath the mud layer, a consolidated material was identified as sedimentary rocks
and compacted clay by analysis of past data (UMISAN, 2008).

SAMPLE | GRAVEL (%) | SAND (%) | MUD (%)
1 0,09 22,48 77,43
2 4,87 29,87 65,26
3 0,91 93,15 5,93
4 0,21 6,28 93,51
5 0,00 0,88 99,12
6 0,02 71,18 28,80
7 0,00 12,99 87,01
8 0,03 65,27 34,70
9 0,00 0,53 99,47
10 0,00 6,39 93,61
11 0,00 0,17 99,83
12 0,01 0,32 99,68

Table 1- Sediment content.

The HF chirp was effective in visualizing a material with low reflection and low
impedance contrast at its upper interface (water/unconsolidated material) and high
contrast at its inferior interface (unconsolidated materialf/first reflector). The high
impedance contrast is possibly associated to a non-consolidated material identified by
sediment sampling as a package of mud with thicknesses of up to 1 meter, seen in the
majority of the port's areas, with a high vertical resolution. Some geological features
(discontinuous reflectors) are seen on the first meters of the sedimentary layers (Fig. 2.a).

Below the reflector associated with the clayey compacted material, there was
practically no penetration regardless of the content of mud, preventing the identification of
the thickness and spatial distribution of this clayey layer along the area. It is also possible
to observe the event of an acoustic blanking (AB) and in the water column there is an
event of a plume that can be associated to suspended particulate material (SPM)



dispersed through the water column.

As expected, the LF chirp was more effective in depth of penetration than the HF
Chirp for the conditions of this research, only with lower vertical resolution. The mud layer
is still quite visible and delineated throughout the evolution basin and access channel, as
seen in Fig. 2.b), but it is no longer possible to see intra-layer details as in the higher
frequency seismic source.

Previous drilling (Loureiro, 2013; UMISAN, 2008) allowed identifying these
compacted sandstone and clay in different levels of lateralization of sandy and gravel
sediments of the Barreiras Formation, corroborating the results obtained with sonar and
seismic. It is possible to observe an acoustic masking feature in the surficial zone, possibly
associated to a gas event, common in regions of organic matter deposition in mud layers
(Fig. 2.b).
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Figure 2 - Multifrequency seismic surveyed profiles on the access channel. (AB = Acoustic blanking)
a) HF Chirp, b) LF Chirp, ¢) Boomer, d) Processed Boomer.

The boomer source has greater penetration capacity than the Chirps, but lower
vertical resolution. On the unprocessed profiles, it is possible to observe that the mud layer
is visible in the evolution basin (Fig. 2.c) but it has a considerable decrease in resolution
and the definition of the upper and lower limits of this layer becomes less specific in



access channel where, due to the irregular geometric nature of the reflector below the mud
layer, several hyperbolic forms end up masking the features of the mud layer.

Processed boomer data suffers a considerable loss of resolution in the first few
meters of the subsurface but shows discontinuous reflectors corresponding to deeper
sandstone, which could not be visualized with any of the previous equipment with basic
processing, highlighting the gain of visualization in reflectors in subsurface (Figs. 2.d), and
later on figures 4.d and 5.d). The processed data helped defining the reflectors' horizons in
deeper depths, therefore the evaluation of the penetration for each frequency could be
made with more accuracy.

In the evolution basin, the SSS data (Fig. 3) is characterized by low backscatter
strength (hereby designated as low reflection pixels pattern, LR), associated with mud,
locally marked by the occurrence of high backscatter strength (hereby designated as high
reflection pixels pattern, HR), with or without dredge marks, possibly associated with
outcrops of sandstone or clay.
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Figure 3 - HF SSS surveyed line on the evolution basin.

It was observed that the HF SSS allows high-resolution visualization of seabed
shapes, cohesive sediments and morphological variations, whereas in the portion of the
mud layer, the LF data demonstrates more detailed imagery.

In the access channel, the HF Chirp shows low penetration below the mud layer
(Fig. 4.a), with evidence of compacted material of irregular geometry, interspersed by
different impedance contrast materials, possibly associated with deposits of sand or
sandstone (lateralized or not), dredged in previous projects. In general, lateritic horizons
are irregular and have variable thicknesses, turning interpretation difficult because there is
no well-defined pattern. The LF Chirp allows the visualization of a feature possibly related
to a paleochannel (PC).
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Figure 4 - Multifrequency seismic surveyed profiles on the evolution basin.
a) HF Chirp, b) LF Chirp, ¢) Boomer, d) Processed Boomer.

Irregular seabed geometry is seen on the seismic profile on the access channel as
several diffraction hyperbola with penetration between 2 to 5 meters below the mud layer.
Also in the access channel region, it is possible to observe the reflector associated with
the outcrop of the crystalline basement (CB) (Fig. 5). In the access channel little content of
sand was observed from sediment sampling, varying from 0 to 6%, such data corroborates
with the penetration and reflection pattern seen on the seismic profiles.



The LF chirp (Figure 5.b) showed effectiveness in penetration, although the vertical
resolution decreased from the higher frequency seismic source. The mud layer was visible
throughout the whole area of the channel. Due to the geological content of the reflector
below the mud layer, a higher penetration was possible in comparison to the evolution
basin. The attenuation phenomenon is less intense in this region whilst deeper subsurface
features are now more visible with better lateral continuity.

The boomer source showed greater penetration ability for that region than the LF
and HF chirps but lower vertical resolution, as expected. The mud layer is visible with little
resolution, similar to what is seen on the evolution basin. There is low penetration in the
area indicating a sedimentary package less thick with the basement rock very close to the
bottom surface (thicknesses between 0 and 2,5 m). It is possible to observe that the
crystalline basement shows higher lateral continuity until depths of 50 meters.
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Figure 5 - Multifrequency seismic surveyed profiles on the access channel showing the crystalline basement
outcrop. a) HF Chirp, b) LF Chirp, ¢) Boomer, d) Processed Boomer

As expected, the sparker source obtained a better ratio signal/noise than the
boomer though lower resolution was seen. It is possible to observe that the non-processed
profiles showed similar penetrations, but the effect of absorption and attenuation was
smaller for the Sparker. In the evolution basin it is possible to observe that the mud layer
was well delimited with little resolution, and the outcrops of consolidated material



associated with the first reflector are clear in both seismic source without good lateral
continuity (Figure 6).
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Figure 6 - Comparison between a) Boomer and b) Sparker surveyed lines at the exact same place.

In the navigation channel, for the sidescan sonar data it is possible to identify low
backscatter (LR), (Fig. 7) with spaced occurrences of high backscatter (HR) sites,
indicating the irregular seabed on which the layer of mud overlaps and also the possible
sand mixed with mud. The material characterized as compacted clay is arranged in strata
generally intercalated with sandy sediment, forming more consolidated surfaces that
present a high contrast in the sonographic images.

150 200 h
Figure 77 - HF SSS on the access channel.

The acoustic signal of suspended material can be observed through high
attenuation and high frequency dispersion preventing the acoustic signal from effectively



reaching the seafloor. Fig. 8 shows a highly reflective and rough pattern (RUG),
associated with crystalline basement outcropping.
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Figure 8 - HF SSS showing the crystalline basement outcrop.
3.1.SEISMIC AND SIDESCAN SONAR INTEGRATION

The seismic and sonar data integration and interpretation allowed the identification
and mapping of sonographic echo characters, according to the classification proposed by
Ayres Neto & Aguiar (1993) and modified to fit the peculiarities here seen. Classification is
based on the acoustic signal reflection (backscatter) and dispersion intensities. SSS
imagery were associated with seismic echo characters and then crossed with
granulometry information and previous drilling reports allowing integration as seen in Table
2.
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Table 2 - Correlation between geophysical and in-situ data.

4. DISCUSSION

possible to obtain a correlation between the geoacoustic

From seismic and sonographic data, sedimentological categorization of the bottom
material and the previous geotechnical drilling bulletins (UMI SAN, 2008 and 2011), it was

information and the

corresponding surface and subsurface materials. Depending directly on the frequency of
each seismic source used. Therefore, it is necessary to discuss the factors that controlled
the results of the acoustic responses and associate them with the respective acquisition

frequencies, penetration and resolution.

The detection of the muddy deposit in was easily distinguishable for its low
reflection index and backscatter. Different frequencies produce different degrees of



resolution and accuracy in determining the limits of the mud layer because of features
such as compaction, the material of the first reflector below the mud layer, the presence of
acoustic masking elements such as gas or irregular compacted morphological geometry
and even elements present in the water column, as suspended particulate material.

Considering the observation of the seismic profiles, sidescan sonar imagery and the
seabed samples, it is possible to associate areas of the seismic profiles where the
interpretation led to the recognition of mud, consolidated material (compacted clay and
sandstone) and the basement rock (crystalline basement). Comparison between the
different seismic frequencies behavior in terms of penetration reach through each of the
aforementioned strata was used to build boxplot graphs.

The HF Chirp was effective in identifying the layer of unconsolidated material
identified by the high resolution with little penetration, whereas the LF Chirp was efficient in
identifying the mud layer with lower vertical resolution but with better visualization of the
underlying reflector (Figure 9.a).
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Figure 9 - Penetration through varied strata regarding each acoustic source.

Although the resonant acoustic sources have high vertical resolution, they are not
able to differentiate the various degrees of compaction and density expected to be seen in
a layer of mud deposited on the sea bottom due to constant silting processes (Carneiro,
2014). Some very high-resolution chirp source (20-50 kHz) might be able to observe such
variations.

Mud undergoes a multi-stage deposition process, including fluid mud, classified by
McAnally et al. (2007) as an aqueous suspension of highly concentrated fine sediments
with density between 1080 and 1200 kg/m3, this variable density and viscosity are not
identifiable by single-channel seismic or side-scan methods due to the impedance contrast
between different degrees of non-continuous and vertical and lateral disordered
compaction of the mud.

HF and LF chirps were not able to surpass the first reflector in the evolution basin,
Figure 9.b, preventing the identification of the thickness and spatial distribution of the
competent rock (sandstone or compacted clay) throughout that area, this phenomenon
occurs due to the attenuation of the acoustic signal, upon reaching a high density and very
irregular geometry substrate, considerably reduces, disperses and attenuates the pulse




energy and contributes to its disappearance, there being a high impedance contrast
between the unconsolidated mud and the highly clayey competent rock (Kearey et al.,
2002) (Figure 9.d).

The acoustic response associated with a high reflection seismic pattern extends
throughout the evolution basin to the first reflector, inferring that the consolidated material
below the first reflector possibly corresponds to compacted clay (Tabatinga) or sandstone
with or without laterization. The Tabatinga was included in the morphological classification
of the region of the Port of Tubardo by Albino et al. (2006) and also observed by Carmo
(2009), being described as formed by laminated sandy sediment, compacted of whitish
and reddish color.

These clays are unique in that they do not disperse or absorb the energy of the
seismic waves due to their consolidated or semi-consolidated state. Instead they reflect
the seismic signal almost completely. This acoustic facies is very similar to acoustic
blankets or other highly concentrated gassy sediments.

For the HF and LF Chirp data it is possible to compartmentalize the port areas as a
function of the difference in subsurface penetrations, as seen on the chirp profiles, the
penetration on the evolution basin and the access channel differ on the absorption
intensity and penetration capacity due to the presence of consolidated clayey material on
the evolution basin and sedimentary rocks on the access channel.

Another determining factor for the HF signal return pattern was the highly irregular
and disturbed bottom morphology related to dredging activities, easily visible in side-scan
sonar images, and influencing the quality of the seismic profile, making it difficult to identify
the first reflector corresponding to the sandstone or Tabatinga by the appearance of
numerous diffraction masking hyperbola. This type of echo shows regular, very intense
overlapping hyperbola with little varying vertex elevations and very prolonged echo without
sub-bottom reflectors. Each hyperbola is generally less than 3 m in relief and 1-2 m in
wavelength. These hyperbolas are suggestive of basement highs or outcrops and have no
relationship to near-bottom sedimentation processes (Damuth, 1980).

Exposed sandstone rocks, mainly observed on the evolution basin, may represent
hazardous dredging areas as the laterite and diagenetic process creates a "hard cover" in
the sandstone and does not follow any depth pattern, attenuating the acoustic signal and
causing the higher frequencies to not penetrate below this layer and the lower frequencies
lose significant lateral continuity, making it difficult to identify the seismic reflectors.

It was observed that chirp sources are conditioned by sediment type and mud
content, so the change in particle size of sand to mud decreases the penetration. Baldwin
et al. (1985) found higher correlations between acoustic impedance and density than
acoustic impedance and grain size, results that are similar to the data set presented here,
including the statistical analysis. The LF Chirp was 46% more effective in penetration
reaching the consolidated sediment than the HF Chirp while the LF Chirp achieved 96%
more penetration as seen in Table 3.



BASEMENT ROCK
DIFFERENCE IN PENETRATION BETWEEN TRANSDUCERS (%)

CONSOLIDATED ROCKS
DIFFERENCE IN PENETRATION BETWEEN TRANSDUCERS (%)
BMR SPRKR CHP 4 CHP 15

Table 3 - Penetration comparison, in percentage, of each source
considering consolidated subsurface material.

Boomer and Sparker were able to penetrate through subsurface layers Figure 9.b
and 9.c) by identifying the thicknesses of the reflectors associated with the consolidated
material in depth, but with different resolutions. The processed data showed the mud layer
with lower resolution but with efficient penetration, reaching up to 60m Figure 9.a). There
was a discrepancy of mud penetration values compared to the Chirps due to the
uncertainty of the limits of the layer generated by the weak vertical resolution in the first
few meters due to the filtering, emphasizing that the LF equipment is not ideal for imaging
the seabed surface.

Boomer presented an optimal penetration and resolution, regardless of the
sediment background and content of mud found on the seabed, but is affected by various
noise (Ehrenberg & Torkelson, 2000) and attenuation by the mud and sand interleaved.
More practically, the impedance contrast between sand layers and mud layers may only
be sufficiently visible to 0.6s two-way time due to the similar acoustic impedance of mud
and sand below that depth. At shallow burial depths, sediments undergo large changes in
response to gravitational compaction, but these changes are lithology dependent. Mud is
deposited at the seafloor with higher porosity (lower density) and exhibit lower velocity
than sands. Below the seafloor, the porosity of mud reduces much more quickly with depth
than sand.

Seismic records revealed lower vertical resolution and an increase in reflector
thickness as the energy applied to the system increased. According to Applied Acoustics
(2009), the higher the energy imposed, the lower the frequency spectrum amplitude and
the lower the main frequencies. The theoretical resolution is about a quarter of the
wavelength independent of the medium of propagation (Sheriff and Geldart, 1995). The
sparker, whose energy output and lower signal-to-noise ratio was more efficient in
resolution than Boomer, showed 20% more penetration than Boomer in the layers of
consolidated material (Figure 9.d).



These results allow affirming that the penetration of this type of source is more
conditioned with the faciological characteristics along the vertical profile in depth, than the
faciology of the seabed. The higher the penetration, the lower is the influence of the
surficial sediment in the penetration.

After processing, the reflectors near the surface suffered a great loss of vertical
resolution, practically disappearing, unlike the deeper reflectors, which can be observed at
even greater depths. This is because the increase in deep propagation contributes to the
fact that the lower frequencies are dominant due to the effects of the absorption of the
higher frequencies near the surface (Kearey et al., 2002).

On the HF and LF Chirp profiles, it is observed cloudy acoustic turbidity in the upper
water layer. These features can be caused by point scatters in the water column such as
matter in suspension. The high SPM meant the degradation of the SSS signal through the
water column above the mud deposit, most notably in the higher frequency (900 kHz),
preventing the signal from reaching the seafloor. In the LF SSS image, the water column
displays as a translucent dark brown color, but can be easily distinguished from the
seafloor. However, in the HF SSS image, the water column is a solid brown color, and is
practically indistinguishable from seafloor. In the seismic data (Figure 3.a), it is possible to
see the features associated with SPM, present mainly in the areas with great thickness of
mud resuspended by the passage of large vessels.

The LF SSS shows discrete backscatter differences of the varying sediment
textures on mud, which cannot be seen with the HF due to the attenuation and dispersion
by the SPM. The LF signal seems to pass less affected by suspended particulate matter
(SPM), most likely due to its wave frequency (455 kHz), high concentrations of SPM have
a negative impact on the mapping capabilities of HF SSS.

The comparison between Boomer, Sparker and HF and LF Chirp sources shows a
resolution/frequency relation. Not-so-large or prominent features in the seabed are seen
with good resolution in the HF Chirp, more diffuse in the LF Chirp and finally Boomer and
Sparker had difficulties in detailing this feature due to their wavelength and low signal
directivity. Acoustic sources with greater directivity, such as resonant have a greater power
to discriminate these minor features.

The multifrequency approach was useful for calculating the thickness of the mud
layer, corroborated by the reflection patterns identified by the SSS and seen in the
backscatter compartmentalization map (Figure 10). The figure shows the distribution of
acoustically transparent and possibly fluid mud, concentrated throughout the access
channel and evolution basin.
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In terms of penetration, the comparison of all frequencies shows that Boomer and
Sparker when reaching higher depths of the surface of consolidated rocks had the same
penetration performance, being 60% more efficient than the HF Chirp and 25% more
efficient than the LF Chirp. For the crystalline basement in deeper portions, Boomer was
96% and Sparker was 98% more efficient than the HF Chirp, in comparison to the LF
Chirp, they were 61% and 68% more efficient, respectively. The synthesis between
penetration and resolution for all frequencies in all port areas as a function of surface or
subsurface material can be seen in Table 4.



Material

Seismi
e1smic Site Mud Sandstone Tabatinga Bas. Rock
Source
HF Chirp
LF Chirp
Boomer
Sparker
- Material Label
Site | Mud | Sandstone | Tabatinga | Bas.Rock Very high
Frequency - -
Resolution Coverage High
500 kHz EB Average
NC Low
900kHz EB very Low
NC

Table 4 - Evaluation of the penetration and resolution for all
frequencies according to each geological material. P stands for penetration and R for resolution

5. CONCLUSION

On muddy surface intervals, reflections were weak due to a lower acoustic
impedance contrast and the penetration of the acoustic wave was higher, due to the lower
signal attenuation. The identification of mud occurrence was possible in all frequencies in
both seismic and SSS data, although each frequency had particularities regarding
resolution and penetration. The seabed material sampling analysis confirmed the
existence of the fluid mud, however the identification of the fluid phase through the
acoustic methods here presented was not possible once these equipment do not identify
density and viscosity. It is also evident that for the identification of the fluid mud, a more
detailed rheological acoustic study is necessary, such as in-situ evaluation. That
understanding leads to the following chapter.

Outcrops of consolidated strata were observed in both seismic and SSS data, it was
possible to associate such material with sandstone or compacted clay. The frequencies of
2-8kHz and 10-18khz were not able to reach to deeper consolidated strata horizons in the
evolution basin while in the SSS it was possible to identify dredging marks. For this
situation the multifrequency approach was especially useful because boomer and sparker
data allowed the visualization below that reflector, whereas chirp was not able to, as
expected.

Chirp-type sources are usually pole-mounted and have accurate geographic
positioning whereas cable towed sources such as boomer and sparker show small
localization variations. That being an important factor to consider in dredging project. The
multifrequency approach is effective because it corroborates geographic information from



several sources and produces an ideal product that allows the analysis of high resolution
(high frequency) and subsurface data at higher depths (low frequencies).

The 900kHZ SSS images were effective in visualizing surface features such as
consolidated rocks and seabed shapes. Whereas the 500kHz showed better visualization
features associated with mud and suspended particulate material. Showing the benefit of
using multifrequency SSS.

The maps and statistical graphs produced illustrate how the multifrequency acoustic
approach can be wuseful in building a complete and accurate mapping of port
environments, from the point of view of resolution and penetration, ensuring maximization
of product quality and minimizing operational costs. A total observation of the surface and
subsurface allows a better understanding of the local geology and sedimentary processes,
important for the full development of any port project.

The use of a spectrum of frequencies was proven to be quite effective so that the
high seismic frequencies mapped the first centimeters and meters of the seafloor,
identifying mud layers, while the lower frequencies reached deeper consolidated strata,
identifying sedimentary layers to the crystalline basement. The dual frequency side-scan
sonar identified different backscatter strength associated with different morphology and
lithologies.

The more a fair amount of different frequencies and acoustic techniques are
applied, the more is known about the environment studied, resulting in minimizing costs
and a better mapping for dredging activities. It is crucial to choose the correct techniques
to get the best results, since each device has its own frequencies and operational
requirements. The quality of the data also depends on site-specific physical parameters.
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CHAPTER 4

GEOACOUSTIC AND DENSITOMETRIC METHODS AS A TOOL FOR
ASSESSING NAUTICAL DEPTH

ABSTRACT

Fine sediment deposition can pose a threat to navigation channels due to possible
reductions in nautical depth, demanding seasonal dredging activities. Dredging and
safety navigation are the most important issues regarding ports management. Although
when the mud layer is fluidized, it is not considered part of the consolidated seabed, as it
does not show mechanical resistance, leading to a decrease in the need for dredging and
the possibility for navigating in fluid mud (Kineke & Sernberg, 1995). In this perspective,
the nautical bottom concept was developed and implemented in several major ports.
Singlebeam dual-frequency bathymetry methods (24, 33 or 38 and 200 kHz) are
commonly used to build nautical charts, to define the acceptable under keel clearance
and silted volumes and to perform dredging activities. However, the fluid mud layer
cannot be reliably detected by traditional acoustic methods due to inconsistent
penetration through the unconsolidated sediment. This work aims to contribute to the
understanding of the acoustic response on muddy areas and its relation to actual density
values within the fluid mud layer through a combination of in situ, acoustic, and direct
density measurements as well as laboratory tests at the Port of Tubar&o (Vitoria/Brazil).

Keywords: nautical depth, hydrography, single-beam echosounder, densitometer, ports, harbors,
dredging, navigability, fluid mud, shallow-water, geoacoustics.

1. INTRODUCTION

Acoustic methods are widely used for mapping navigation risks and aiding dredging
activities. In port environments, the navigation channels and evolution basins present high
siltation rates and mud formation with variable rheological characteristics and
hydrodynamic processes (Dyer, 1986 and Whitehouse et al., 2000).

Fluid mud is known by its high-concentration aqueous suspension of fine-grained
sediment in which the settling process is relatively hindered by the proximity of sediment
grains and flocks. The bonds formed are not strong enough, leading to a persistent
suspension (McAnally et al. 2007a). Therefore it has no mechanical resistance and can be
mobile or stationary and is not considered part of the consolidated seabed (Kineke and
Sternberg, 1995). Its concentration can vary from 1080 to 1200 kg/m3, according to
McAnally et al. (2007a, 2007Db).

Continuous mud deposition may be a threat to navigation and might cause
considerable reductions in nautical depth (Mehta & Dyer, 1990; Parker & Lee, 1979; Sills,
1994; Wolanski et al., 1992 and Whitehouse et al., 2000).



Ports must guarantee safe passage of ships to and from its waterways. Thus, for
sites where high siltation rates persist, this service leads to elevated maintenance costs
and millions of tons of sediment are dredged from ports around the world for this purpose
(Fontein and Byrd, 2007; Welp and Tubman, 2017).

Dredging operations are massively costly and result in environmental issues related
to resuspension of contaminated sediments and reject sites. Also, in muddy areas there is
the generation of internal waves when vessels navigate too close or through the water-
mud interface. Those undulations can restrain the controllability and maneuverability and
negatively affect the efficiency of the rudder and propeller (Wurpts, 2005; McAnally et al.
2007a).

Geoacoustic methods are commonly used in port areas for monitoring, determining
the navigable depth and for evaluating the volumes of silted material to be dredged. The
presence of fluid mud on the seabed is characterized by a sharp variation in the mass
volumetric density gradient along the water column (Mehta, et al., 2014; Schettini et al.,
2010). The consolidation state of the cohesive sediment can be described by a vertical
profile built with geoacoustic methods (Carneiro et al., 2017; Fontein & Bird, 2007 and
Kirby et al., 1980).

However, the rheological state of the mud may present different acoustic responses
in both single-beam dual frequency echosounders and seismic profilers (Carneiro, 2017,
Wurpts, 1998; Madson & Sommerfield, 2003). Rheology is an important feature for
understanding the deformation and flow of geological materials under the influence of an
applied stress (Schettini et al., 2010). Density assessment is closely related to the acoustic
impedance and frequency emitted by the acoustic source (Fonseca et al., 2018;
Granboulan et al., 1989).

The frequency produced by the seismic sources is directly proportional to the
attenuation ratio, whilst the depth acquired by the bathymetric method in fluid mud is a
function of the sharpness of the density gradient of the fluid mud (Carneiro, 2017; Timothy
et al., 2017).

High frequency echo sounders (200 kHz and higher) can reflect off the water/low-
density semi-fluid muds interface (i.e., the lutocline), whereas the low frequency echo
sounders (24, 30, 33 or 38 kHz) can reflect off a density gradient (or density gradients)
within the fluid mud layer (Clayes, 2006; USACE, 2002 and 2013). This situation can lead
to misinterpretation of the seabed conditions in shallower sections leading to unnecessary
dredging actions (Buchanan, 2005).

Although dual-frequency echo sounder systems have been used to assess mud
layer depths and thicknesses over the years (Madson and Sommerfield 2003; Schettini et
al. 2010; Shi et al. 1999), these indirect methods do not determine properly the navigability
on muddy seabed (Carneiro et al., 2017) because the suspended sediment concentration
within the fluid mud layer can return false bottom records to acoustic systems. Therefore
these methods must be coupled with in situ methods, seabed material sampling and
laboratory tests.



If there is a steady increase of density in the seabed, PIANC (2008, 2014)
recommends caution in the use of an echo sounder. For the same conditions, the US
Army Corps's Hydrographic Surveying Manual, USACE (2013) states that depth records
when surveying over fluid mud surfaces cannot be interpreted properly unless other in-situ
correlating information is obtained in order to implement the nautical bottom (Buchanan,
2005).

The nautical bottom concept is currently defined as: “The level where physical
characteristics of the bottom reach a critical limit beyond which contact with a ship’s keel
causes either damage or unacceptable effects on controllability and maneuverability"”
(PIANC, 2014; Teeter, 1992).

This concept allows navigating through mud when the low strength of the fluid mud
does not represent risks for the vessel and negative under keel clearance (UKC) can be
considered, enabling navigation through layers with densities of up to 1,350 kg/m3 (Figure
1). The need for maintenance dredging can be postponed or reconsidered (Fontein &
Byrd, 2007; Kirichek et al., 2018; Wurpts, 2005).

il

J
ooo ooo/ p [t/m7

°o oo 1.1 12 1.35

JLL12 135
[ | . !

1

I

Draft

I

| 180-210 kHz

N i
- RSN = T T T TR Fidd I
C — — — — L —_ (’_\_ . V. Eau_n(l‘l @tt_on]_ — = ‘ ___:t g g

 Consolidated or
consolidating mud

Nautical depth

Figure 1 - The nautical bottom concept. Modified from Nederlof, L. (1978).

Navigation in fluid mud has not yet been well documented in Brazil, although this
feature is seen in many ports in the country, such as in Rio Grande (RS), Ilha Grande
(SP), Rio Potengi (RN) and at the Amazon River delta (AM). Nonetheless, nor the
maritime authority (Brazilian Navy) neither the Ports authority (Coastal and Ports
Directory) have yet set normative understanding for navigation through fluid mud
(Noernberg & Soares, 2007). Many European ports have adopted navigation on fluid mud
(i.e.: Roterdam and Zeebrugee) and have been developing research since 1980 (Wurps,
2005; Mehta, 1987).

However, the Brazilian Maritime Authority shows reluctance to implement the
nautical bottom concept. They only admit depth measurements obtained from high
frequency echo sounders whilst the Manual of Operational Restrictions of the Brazilian
Navy defines that seabed with densities greater than 1,200 kg/m® should not be
considered safe for navigation.



In order to implement the nautical bottom concept on a port, it is necessary to
provide a thorough research as to convince the reliability of navigating in muddy
waterways. Studies must contain a multi-step and integrated approach utilizing
geoacoustic and in situ measurements (i.e.: density profiling and sediments sampling) and
maneuverability tests (Carneiro et al. 2017; McBride et al. 2014; Fontein & Byrd, 2017,
Wurpts & Torn, 2005).

The densitometer technique can be led by several devices (i.e.: the tuning fork
probe) that have the ability to identify the density gradient within the fluid mud layer
through rheological parameters. Such properties can be used to determine the yield
strength, which is interpreted as the critical limit where the nautical bottom is defined
(Mehta et al. 2014; Teeter 1992; Van Craenenbroeck et al. 1991).

Mud properties can vary considerably from port to port due to different
hydrodynamic conditions, material specifications and other features. l.e.: A study
developed by IAPH and PIANC (2008) indicates nautical bottom critical densities ranging
from 1,150 kg/m3 at Zeebrugge Port in Belgium to 1,270 kg/m3 at Cayenne Port in French
Guyana. It is important to develop individual studies and assessment for each port where
fluid mud is present and the nautical bottom concept can be implemented.

This research aims at addressing the navigability in fluid mud, sediment silting
management and the demands for dredging activities by analyzing the nautical-bottom
approach using a combination of various acoustic and in-situ measurement techniques.
Geoacoustic measurements were obtained at the Port of Tubargo (Vitoria/Brazil), as seen
in Figure 2, using multifrequency acoustic equipment, whereas in-situ observations were
made through density profiles using the tuning fork technique and sediment sampling.



369000 369500 370000

7756000

VITORIA

7755200

7754400

7753600

7752800

== Fyolution Basin
=== Access Channel

Figure 2 - Location of the Port of Tubardo. The evolution basin and the access channel are shown. The
surveyed lines are identified in blue boxes and the sediments sampling sites are identified in red.

2. METHODS

Geoacoustic data were surveyed during three days using a multifrequency
approach from February 21, 2018. For each line acquisitioned there are seismic data in
the frequency spectrum of 0.5 kHz (Boomer and Sparker), 8-10kHz (low frequency Chirp),
10-20kHz (high frequency chirp), and dual frequency single-beam echo sounder
(24,30,33,38/200kHz). This study focuses solely on acoustic data from the SBES and
Chirps. 26 transverse and 5 longitudinal transects were surveyed aligned with the
navigation channel and evolution basin of the Port of Tubardo as seen in Figure 2.



The SBES Kongsberg EA400 (38/200kHz) was used with the Hypack acquisition
software. This system has a vertical resolution of 1 cm and accuracy of 1 cm for the higher
frequency and 5 cm for the lower frequency. A set of high (HF) and low (LF) frequency
Chirps (Meridata Finland) were also used. The MDCS software (Meridata Finland) was
used to perform data recording.

The bathymetric data were later loaded onto the Caris HIPS and SIPS and Hypack
software for processing, where tide corrections and the elimination of noisy picks were
performed. Seismic data were imported the MDPS (Meridata) processing software, where
processing (i.e.: noise removal and gain filters) was performed. Results from seismic data
interpretation of both SBES and Chirps were used to build thickness maps.

Vessel position and motion were monitored and recorded with a Novatel SE Triple-
Frequency GNSS Receiver Position and Orientation System, which consist of two DGPS
(Global Positioning System) receivers, using differential corrections.

Instant identification of the mud layer was performed during the survey using the
real-time geoacoustic data (38, 200 and 10-20 kHz). Twelve sites were then chosen by
pre-identified mud thicknesses and density profiles were performed using the DensiTune®
instrument by STEMA (2007) Systems (Figure 4). Thus, two sediment sub-samples (from
sites 1 and 12) were collected for the densitometer calibration at locations where the mud
seemed to have different acoustical responses.

Sediment samples were also collected at each one of the twelve sites, where the
densitometer probe was deployed, using the Van-veen grab sampler. The samples went
through laboratory testing for grain-size analysis, organic matter and carbonate content.

The calibration samples were tested for various densities and adjusted to a linear
least square trend line. The results were interpolated using the Matlab software, creating a
calibration domain of frequency and amplitude per density (Groposo et al., 2014). The
calibration domain was applied for editing in situ density profiles. Also, the Bingham model
was applied for high shear rates (Barnes, 2000; McAnnaly et al., 2007; Mehta et al., 2014;
Meshkati et al., 2015), and the calibrated density profiles could be converted into Bingham
yield stress profiles (Fonseca, 2018).

As a result of the calibration, it was possible to generate graphics of depth versus
density and also an approximation of the Bingham Yield Stress as per function of the
subsequent density for the mud containing specific rheological characteristics at the
studied port.

Linear correlation was performed considering the depths obtained by the low
frequency (38 kHz) single-beam echosounder and the corresponding depths of the various
densities. The statistical analysis was performed in order to verify whether the low
frequency bathymetric data, which can penetrate through the fluid mud, is associated with
the depths values found by the densitometric method for different density levels. The
coefficient of determination (R?), obtained from the linear correlation is a measure of



adjustment of a linear statistical model and it varies from 0 to 1. The closer to 1, the more
correlated is the model and the better it fits the sample.

3. RESULTS

The density profiles obtained from the DensiTune tool (Figure 3.a and 3.b) were
able to identify the lutocline associated to a sharp step structure in the density profiles. The
fluid mud is located within the beginning of the lutocline (lower densities) to the stage
where the density is higher than 1200 kg/m3; its actual depth quota is discussed later.
Sand and silt content is higher in the sites where the bathymetry and Chirp profiles
identified a prominent mud layer (i.e.: samples 1, 4 and 5). Sample 3 showed an almost
nonexistent content of fine sediment and the density profile represents the water column
density, as the seabed does not contain mud.
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Figure 3.a) - Densitometric profiles (depth versus density) and sediment content (pizza charts) for the
twelve surveyed sites (Y axis - m, X axis - kg/m3).



o AMO7 o5 AMO8 23 AMO9

13% 4% < 1%
10/0 235 300/0
2 30% '
24 25.5 24
0, 650
S o : 245 70%
25 26 =
~ .
e i i. 25.5
- LCETT s B
2 ‘_---E 26.5 ‘w 26 :5'
1100 1200 1300 1100 1200 1300 1100 1200 1300
AM10 AM11 AM12
23 o 23 % 24
3% 30%
. 235
=2 24.5
24 24
719 70% 25
24.5 24.5
25 ] 25 25.5
25.5 L\. { 255 ‘L‘ 2 B sand
LT T T—— | ISill
{ -
26 Y 9 T m— | —
1100 1200 1300 1100 1200 1300 1100 1200 1300

Figure 3.b) - Densitometric profiles (depth versus density) and sediment content (pizza charts) for the

twelve surveyed sites (Y axis - m, X axis - kg/m3).

Seismic profiling (Figure 4) obtained with the HF (10-20 kHz) and LF (8-10 kHz)

Chirps indicated zones seismically described as reflection-free. The identification

of the

mud layer was easily seen through Chirp profiles. The acoustic impedance contrast of
these different layers is very high, generating a clear pattern with transparent zone, as
described by Quaresma (2011), these zones are represented as reflection-free zones.
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Figure 4 — Chirp data from Transect T4 (evolution basin showing). a) LF (2-10 kHz) profile, b) HF (10-20

kHz) profile. The mud layer is observed while in the middle of the basin no mud is seen.




The seismic acoustic data indicated the presence of fluid mud in the navigation
channel and throughout the outer parts of the evolution basin. High spatial variability was
found and the fluid mud layer thickness ranged from a few to nearly ninety centimeters.
However, there are no reflection-free zones in the central portion of the evolution basin
probably associated with resuspension conditions and hydrodynamic transport, generated
by the constant passage of large cargo ships (i.e.: the Valemax), also observed during this
survey.

The dual frequency SBES data (Figure 5) indicated an anomalous behavior, with
heterogeneous centimetric variations of depth between the two frequencies. On both the
evolution basin and access channel, it is possible to observe zones with a low reflection
pattern (above the yellow lines), possibly related to finer sediments, silt-clay-sized,
interpreted as mud. High reflection zones are also seen (above the green lines) with
irregular geometry, possibly related to coarser sediments and/or consolidated rocks, such
as sandstone or the consolidated clay known as Tabatinga (Albino et al., 2006; Bastos et
al., 2014).



Figure 5 — a) and b) Echograms from transect T3 (evolution basin). ¢) and d) Echograms from transect T10
(navigation channel). Low reflection zones are seen above the yellow lines, and high reflection zones are seen
above green lines.

4. DISCUSSION

The reflection-free zones seen on the Chirp profiles are possibly related to fluid mud
going through a consolidation process in which the acoustic impedance contrast is very
low within the mud layer, generating such transparent zones. Therefore seismic sources
are not capable of identifying the difference between denser and fluid mud, only the
contrast between the unconsolidated (sediment in suspension) and consolidated
(sandstone or compacted clay) strata. Seismic sources identify only abrupt variations of
acoustic impedance (high impedance contrast).



The analysis of SBES records on the Caris Software points to the occurrence of a
"double echo" or "displacement" of the reflectors in the areas where fluid mud is present
(Figure 6).
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Figure 6 - Single-beam dual frequency echosounder data for transect T4 showing "detachment" (in yellow)
from the 38 kHz frequency in orange and the 200 kHz frequency in blue.

The depths obtained by the 200kHz frequency (blue ticks) allow the visualization of
the acoustic impedance contrast between the water and the surface of the unconsolidated
mud, indicating the density change surface between the water and the lutocline. While the
38kHz frequency (orange ticks) penetrates within the mud and shows the acoustic
impedance contrast from a higher density material related to the consolidation process of
the fluid mud. That allows the identification of a bottom with lower water content and higher
density but not necessarily the consolidated seabed (densities lower than 1,200 kg/m?),
therefore being closer to the real depth values of the lower limit of the fluid mud layer than
the higher frequency, therefore this quota can indicate the true seabed depth.

The yellow centered line shows the places where the displacement of the two
frequencies happens. It is possible to observe that this phenomenon happens on both
slopes where mud was first identified by the Chirp data.

The uncertainty of the accuracy of the depth obtained by the dual frequency
bathymetric acoustic method when navigating in a muddy seabed is known by the
maritime and port authorities, justifying the lack of trust in using the 38 kHz SBES
frequency for determining the seabed depth quota and further implementation of nautical
depth (Alexander et al., 1997; PIANC, 2007; Van Leussem & Van Vezen, 1989; Holland et
al., 2009).

As demonstrated by Collier & Brown (2005), the fact that the fluid mud is an
unconsolidated layer will not necessarily allow the total penetration of the acoustic signal.
The displacement of the SBES high and low frequency signals allowed to draw a thickness
map of the fluid mud in the light of the density penetration by the echosounder and to
compare it with the mud layer thicknesses extracted from the seismic profiles as seen in
Figures 7 and 8.



It is possible to compare the thickness maps generated by the detachment of the
two SBES frequencies and by the seismic data. Thicknesses from the SBES data is much
thinner than the thickness produced from the seismic data due to the limitation of the
seismic method to identify only abrupt acoustic impedance contrasts whilst the
echosounder is slightly more sensitive to soft acoustic impedance changes. The fluid mud
has a gradual and exponential variation of rheological properties (i.e.: density) within its
own package, resulting in difficulty for identifying this gradient both by SBES and
(specially) by the Chirp (20-50 kHz) source.
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Figure 7 - Mud thickness map from the seismic profiles.
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Figure 8 - Mud thickness map from the single beam echosounder profiles.

It is important to notice the lutocline behavior is time-dependent and fluid mud
thicknesses can change accordingly to hydrodynamic conditions such as tide, currents and
wind velocity (Mehta et al., 2014). Therefore, temporal measurements should also be
performed for a better implementation of the nautical bottom concept.

Another important feature when dealing with navigating in fluid mud is the content of
sand, as some studies indicate that sand reduces the yield stress (Granboulan et al.,
1989; Van Craenenbroeck et al., 1991; Wurpts and Torn, 2005). Sample 1 (with 0.17%
sand content) shows a higher yield stress than sample 12 (with 22% sand content) as
observed in Figure 9. The chart with Bingham yield stress versus density helps determine
the critical values where density inflection happens and nautical bottom can be determined
within an acceptable yield stress range without presenting risks for ships navigation.



Sample 3, 6 and 8 (with 94, 71 and 65 % sand content) seems to have followed the same
pattern.

The transition of pseudo-plastic liquid to plastic liquid mud is observed at a very
distinct bending point in the tuning fork response, this point marks the density where the
mud can be characterized by a significant yield-strength value. The rheological transition
from a smooth to an abrupt yield stress versus the density curve marks the critical value of
density (McBride, 2014).
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Figure 9 - Bingham yield stress versus density for the two tested calibration samples.
The exponential trend adjustments are shown.

In this approach, critical density values at approximately 1.150 and 1.175 kg/m

would be associated with Samples 1 and 12, respectively. Considering the top of the fluid
mud layer as the inflection point of the lutocline (1.100 kg/m?), where the water density
values change abruptly, and the bottom of this layer is the same as the depth found for the
critical density values, corresponding to the critical Bingham yield point of 50Pa. In the light
of this information, a layer of potentially navigable fluid mud is observed, with the highest
thickness values available in the navigation channel (Sample 13) and the lowest in the
evolution basin (Sample 1). The 50 Pa value associated with the critical density comes
from several studies that point out the rheological values in which navigation is still safe.

The results concerning the linear correlation performed between the depths
obtained in the low frequency echo sounding (38 kHz) and the depths corresponding to the
densities of 1150, 1175, 1200, 1225, 1250 kg/m® obtained by the DensiTune method are
presented in the following table. It is possible to observe that the best values of the
coefficient of correlation (R?) were found in the correlation between the depths obtained



with the low frequency echo soundings and the depth at which the specific masses of 1150
and 1175 kg/m? occur (Table 1).

Correlation - Volumetric Mass Density x Bathymetry
Density (Kg/m®) | 1150 1175 1200 1225 1250
R 0,7854 0,8145 0,7631 0,4249 0,1579

Table 1 - R2 obtained by the linear correlation between the depths found for the SBES 33kHz frequency and
the corresponding depths for the volumetric mass density of 1150, 1175, 1200, 1225, 1250 kg/ma3.

Considering the results above, the layer of fluid mud has thicknesses ranging from
0,18 to 0,90 cm, whereas at the sampling site 3 no fluid mud was observed and the
density profile indicated the water column.

Through the determination of the density values the acoustic signal of the 200 kHz
frequency echosounder recognized as the seabed a depth with a minimum density of
1,100 kg/m® and the frequency of 38 kHz would be associated with densities ranging from
1150 to 1,200 kg/m?, related to 50 Pa Bingham yield stress.

A particular value of rheological mud properties (i.e.: yield stress) is used in some
other cases to define the criteria for the navigation in fluid mud. At the Port of Edem, in
Germany, the navigable depth reference is defined adopting 100Pa as the critical yield
stress value. In the case of the Port of Tubargo, if this criterion is to be considered, the
corresponding critical densities would vary from 1,230 to 1,240 kg/m®. Considering this
criterion, in the presented measurements, potentially navigable layers from 30 to 95 cm
could be envisioned for safe navigation.

Similar results were found at the Port of Zeebrugge in Belgium. The analyzed mud
showed comparable Bingham yield stress for samples less than 1,200 kg/m® Meshkati et
al. (2015). Nevertheless, there was a significant increase in the vyield stress at
approximately 1,200 kg/m?®, which was observed for the Tubardo samples only at 1,150
kg/m? for both the calibration samples 1 and 13. Same behavior for Zeebrugge mud was
also reported (Van Craenenbroeck et al., 1991), where yield stress values for low sand
content samples increased abruptly at 1,150 kg/m®.

5. CONCLUSION

Chirp profiles cannot help conclude whether mud layers represent positively only
fluid mud. This equipment identifies abrupt variations of acoustic impedance whilst within
the fluid mud package there are smooth variations of density.

The low-frequency (38kHz) data does not necessarily represent the actual bottom
of the fluid mud layer as it is constituted by densities lower than that indicated by the
Navy’s Manual of Operational Restrictions (1,200 kg/m3). Insofar the high frequency data
(200 kHz) identified the top of the fluid mud layer as the consolidated seabed although this
layer has densities even lower (1050 kg/m®) than that indicated for safe navigation.

The densities of 1150 and 1200 kg/m® obtained the best volumetric mass density
correlation with the bathymetric surveys of 38 kHz, being those, the density values that



most should approach the reference critical density for the definition of the nautical bottom
for the Port of Tubardo. These values are very close to reference densities used worldwide
in port areas with muddy bottoms. Such frequency showed a reasonable approximation to
the actual depth of the fluid mud layer, identified by the densitometer, although it is not
responsive to subtle rheological aspects within the mud layer. Therefore, the identification
of the nautical depth should not be relied on bathymetric acoustic methods only, such as
the SBES but also on in-situ data, such as the densitometer.

It was observed that a critical density ranging from 1150 to 1,200 kg/m* could be
adopted, if the critical yield stress of 50 Pa is considered. However, greater values of up to
1240 kg/m® could be used, if the value of 100Pa for yield stress is to be considered.
Therefore, potentially navigable layers ranging from a few centimeters up to 95 cm could
be adopted.

The Port of Tubardo can benefit from this methodology as it can be used in the
analysis and identification of areas with fluid mud for management of sediments silting,
navigating in muddy areas and for the improvement of dredging activities. It is important
that the use of the nautical bottom concept relies not only on rheological aspects but also
on multidisciplinary research.

In a scenario of increase in the draft of the ships and navigation in fluid mud, the
concept of nautical depth assessed by this approach presents itself as an economically
attractive possibility.
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CHAPTER 6
FINAL CONSIDERATIONS

For exploration and monitoring projects of port environments, products that allow an
approach both from the point of view of resolution and penetration are required. Currently
there is a wide range of geoacoustic equipment capable of obtaining the most varied
results according to their different frequencies. Thus, to understand and compare the
acoustic responses of each of these frequencies is fundamental for determining their
usage in ports. The application of these equipment and frequencies is of great relevance
for the port sector and this dissertation approached and discussed this issue in the light of
different aspects, divided into the following chapters.

Chapter two showed comparisons between the seismic frequencies as a function of
their penetration and resolution capacities. The identification of the thicknesses of the
geological layers in subsurface was measured and it was observed that the thicknesses of
the shallow sedimentary layers are directly related to the frequency emitted by the seismic
sources and petrophysical characteristics of the strata such as mean grain size and
density. This chapter assists in the production of information on volume calculations for
dredging activities, such as volume of silted material, depth of the rocky basement and
geohazards. Special attention should be given to regions with presence of fluid mud,
where seismic geoacoustic equipment is not necessarily suitable for volume calculations.

Chapter three covered navigation on fluid mud, known as nautical depth approach,
through the use of the singlebeam echosounder, tuning fork technique, in-situ sediment
particle size analysis and rheological properties. The combination of the mentioned
techniques proved to be more suitable for navigation assessment considering the nautical
bottom approach rather than the use of only acoustic methods. Considering solutions
already used in the largest ports in the world, studies on fluid mud might lead to dredging
reductions and draft increases.

The subjects presented in this dissertation allow to conclude on the importance of
the simultaneous use of multifrequency systems in the investigation of submerged
environments of port areas, aiming at a complete geological and geotechnical approach of
the surface and subsurface of the investigated area. The use of of a whole data set of
seismics (chirps, boomers and sparkers), bathymetry (single and multibeam
echosounders) and in-situ data (densitometric profiling and sediment sampling) sum up
the ideal approach for mapping and evaluating the surface and subsurface of port areas,
therefore leading to a better determination of the nautical depth and navigation risks
assets.

Activities such as dredging, geohazards monitoring and nautical depth assessment
can be achieved and their costs minimized, leveraging the production and capacity of a
port.



