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Sea floor characterisation/mapping including swath 
Bathymetry, side-scan sonar and geophysical surveys 

Introductory speech 

Luiz MENDES VICTOR, Chairman 

The challenge of the Earth Science System on the ability of researchers to solve key 
problems related to ocean floor phenomena, has produced many experiments in the 
domain of geophysics, geochemistry and biology. 

It involves rather complex systems, requiring the deployment of specific sensors at the 
ocean floor. The efficiency of the observations which cover a wide range of 
phenomena depends very much on the design of instruments and structures, able to 
work under very aggressive environmental conditions. 

The need for sensors and recording systems that can be used with special purpose 
manned submersibles or ROV systems, is increasing rapidly, particularly those 
equipped with robotic arms and/or deep-sea ocean capability. 

The feasibility of ocean bottom exploration will be determined by the solutions to the 
engineering challenges. Data recovery, accurate timing and power sources, are key 
issues under discussion; modularity, standardised components and formats to 
guarantee lower costs and provide easy maintenance are not yet at the stage where the 
advantages of certain designs for common use can be stated. 

Nevertheless, in this session the papers are reflecting: a) the efforts made by the 
scientific community to solve some of the above questions; b) the results of another 
step forward, taking advantage of the developed tools, presenting the methodological 
approach to allow adequate processing of data, mapping and interpretation of 
phenomena. 

Selected case studies resume the achievements on ocean bottom sediment instabilities 
research, strongly correlated with sea floor dynamics expression and natural hazards 
concerns, using some advanced tools and methodologies. 





Seafloor characterization/mapping including swath bathymetry, sidescan 
sonar and geophysical surveys 

Summary of Session debate 

Gilles OLLIER, Session convener 

After approximately 10 years of work and investment achieved through the MAST 
programme together with the national agencies, the session aimed at assessing through 
selected presentations, the state-of-the-art and the progress made in the domain of seafloor 
characterisation and mapping in Europe. It was intended to initiate in Lisbon a debate in the 
very challenging area of seafloor exploration, in particular addressing deep-sea environmental 
research issues based on recent research development, and which could be preparatory for 
further research programmes. 

The colloqium programme included 9 presentations organised according to the following 
three themes: 

- 1 ) the new tools 
- 2) the processing and interpretation means 
- 3) case studies 

The keynote speaker gave an overview on the spectacular evolution of the acoustic devices 
used for characterisation and mapping of the seafloor, which nowadays almost enable the 
seafloor to be seen. 

It was quite clear from the various speakers' talks that in the future the technology 
developments required for seafloor exploration should preferably concentrate on two 
domains: 1) systems mounted on ships or satellites, enabling efficient and extensive survey 
and 2) near bottom deep-sea devices (e.g. new seismic sources) enabling image resolution to 
be increased. Although deep-water surveys are becoming more and more important, the 
continental shelf remains quite a challenging area in two respects: Firstly, there is a clear need 
for bathymetry and seafloor morphology assessment in shallow areas (coastal management) 
at low cost, that can be covered by promising new technology from remote sensing and air­
borne technology. Secondly, full mapping coverage of the continental shelf remains relath'ely 
difficult to achieve through the standard swath bathymetry means, because of their low 
efficiency in shallow waters. Therefore implying more technological research to be conducted 
to develop efficient survey equipment for this physiographic area. 

In the domain of processing, interpretation, and displaying of seafloor images, tremendous 
progress has already been achieved enabling now noise to be taken out in a very effective 
manner, to conduct interpretation with the assistance of interactive, intelligent information 
systems, and to produce very attractive, and more easily understandable representations of the 
seafloor. Although improvements are still needed in the processing domain, the expected 
progress will depend now more on the acquisition accuracy of the next generation of acoustic 
devices, the compatibility between systems, the rapidity of processing execution (real time), 



the availability of user-friendly softwares, and the improvement of modelling in physics and 
geoacoustics, with the definition of inverse problem methodology. 

The strategy for exploring the seafloor in the near future was also tackled by several speakers. 
It is now quite clear that large-scale studies, integrating surveys from the coastline to the 
deep-sea, are a priority, relying on thematic objectives rather than on purely geographic 
criteria, implying multidisciplinary approaches in key areas, and a co-ordinated methodology 
with studies in adjacent terrestrial areas. With regard to the European seas and oceans, much 
has already been achieved in terms of seafloor mapping. However more has to be done in 
order to integrate the data, to fill the gaps, and to publish cross-border thematic maps of the 
different regions. The mapping of the seafloor includes assessing and quantifying the benthic 
community, which implies specific approaches to be developed, and is a prerequisite in view 
of the sustainable management of marine ecosystems. 

Characterising and assessing the seafloor and sub-seafloor on the European margin is 
becoming of strategic interest nowadays, and is of mutual interest to both industrialists and 
researchers. Improving the contribution of research to industry, and the collaboration with 
industry in this domain, implies for the funding agencies to support sound, and well-
structured research projects, rather than projects intending to answer short-term problems 
raised by commercial activities. On the European margin the technologies and research for 
seafloor characterisation and mapping are of primary importance in order to study 
sedimentary processes and sequences, to assess potential geohazards, and to conduct new 
research in the domain of geosphere/biosphere coupling. 

Finally, emphasis has been put by many speakers on the necessity of obtaining groundtruth 
data, which is allowing the validation of the seafloor and sub-seafloor images, in particular 
with clear reference to needs in the domain of scientific drilling type data. 



Seafloor mapping and imaging: 
Characterisation of seafloor spatiotemporal variability 

Pierre COCHONAT, Keynote speaker 

Abstract: 
The capabilities for exploration of the sea have undergone a revolution during the last 30 
years and the knowledge of the seafloor has subsequently highly increased. After a period of 
important development of research in plate tectonics and global climate change, the key 
issues will probably be environmental studies and assessment of resources of the sea and 
their interaction. The future will allow addressing questions about the seafloor dynamics at 
different scales which means that the seafloor will be studied at different scales in terms of 
spatial variability but also in terms of temporal variability to observe active processes. 

Since the mid-19th, navies and oceanographers have constantly attempted to improve their 
knowledge of the morphology and the nature of the seafloor. From wide beam to narrow 
beam aperture echo sounders and more recently to multiple beam arrays, the techniques of 
seafloor mapping and characterisation have grown impressively. New acoustic mapping 
systems have undergone a revolution thanks to the development of modern multibeam echo 
sounders. Figure 1 shows the difference of time necessary to produce a bathymétrie map for a 
given area : 1.5 months in 1974, involving numerous scientists working by hand, using data 
acquired with a monobeam system to be compared with 12 hours in 1990, using the 
multibeam echo sounder of the R/V L'Atalante. Figure 2 shows the bathymétrie map of the 
Nice- Baie des Anges completed after the 1979 collapse of Nice airport, this map can be 
considered as the best bathymétrie map possibly produced at that time using the SEABEAM 
system hull-mounted on the R/V Jean Charcot. Twenty years later, the SIMRAD EM 1000 
system enables the production of a fully detailed bathymétrie map which gives us a totally 
different view of the seafloor. 

Nowadays, the spectacular development of sonar imagery and improvements in digital signal 
processing almost enable the seafloor to be "seen". Modern techniques have been further 



developed in the framework of, and for the purposes of, international scientific programmes 
aiming at a better understanding of global seafloor processes as well as for industrial needs 
related to increasing use of the sea and the exploitation of its resources. Due to the broad 
range of submarine processes and seafloor morphology wavelengths, there are a large number 
of tools available. In terms of frequency, they vary from some Hz to some hundreds kHz 
enabling the recording of all the data required for ocean floor mapping and characterisation, 
from multichannel seismics to high-resolution side-scan sonar. It may also be worth 
remembering that the scale of investigations ranges from global scale (e.g. altimetry) to 
working site scale (e.g. station) (see the following table). 

Scale 1 

Scale 2 

Scale 3 

Scale 4 

Scale 5 

Satellites, altimetry 

Research vessel, Multibeam 
echo sounder, multichannel seismics 

High resolution seismics, Deep-tow 

Very high resolution seismics, 
Deep-tow, Submersible 

R.O.V. / in situ experiment, 
sampling, monitoring 

Range : 
resolution: 

Global 

regional survey 
(IO3 km) 

local survey 
(lOi-lfßkm) 

site survey 
(1-10 km) 

working site 
(station) 

Spatial 

2500 m 

100m 

10 m 

1 m 
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The papers assembled in this volume on "Seafloor characterisation/mapping including swath 
bathymetry, side-scan sonar survey and geophysical survey" exemplifies the research being 
conducted on European seas and the methodological and technical developments undertaken 
and in progress. It is clear that European research institutes play an important role in this 
domain through several international programmes such as MAST and by means of a large 
number of existing devices such as GLORIA, TOBI, SAR, different commercial multibeam 
systems hull-mounted on many European research vessels and other tools allowing in situ 
experiments. 



SCIENTIFIC OBJECTIVES 
The seafloor can be considered as an active domain where many processes are still poorly 
understood. The processes can be grouped into three main fields according to both their 
scientific and technological aspects: coastal areas, margins and the oceanic crust. 

Coastal areas: 
The coastal areas are, for example, typically affected by the action of currents and the erosion, 
transport and deposition of sediments interacting with man's activities (pollution, 
infrastructures). Specific problems arise for mapping the coastal area. If we consider the 
shallowest part of the sea (<20 m water depth), which is directly related to man's activities, it 
appears that mapping this zone is surprisingly not an easy task and therefore far from being 
achieved . This is due to several reasons including heavy traffic in this area (boats, tourism, 
fishing...), tidal movements and mainly narrow multibeam coverage in such shallow water. 
Therefore, the use of satellite data can be considered as a serious alternative (see paper from 
G.J. Wensink et al., in the present issue) when it is possible in very shallow water even if 
marine surveys are still essential. 

Many studies which demand an accurate knowledge of the seafloor morphology propose 
models for currents and subsequent sediment transfer in coastal water. A significant effort 
remains however to be made to map coastal areas. Many local studies have already been 
indeed conducted for various purposes in several European countries. From these studies the 
specific acoustic responses of the seafloor provide spectacular example of seafloor 
characterisation such as mapping of benthic communities (see paper from P.S Soerensen et 
al., in the present issue). These different approaches probably call for a better intercalibration 
of the data and definition of good practices. 

Margin: 
European margins, as any margins, have given rise to numerous investigations using all sort 
of tools to map and characterise the seafloor. Margins are considered as the place where many 
fundamental sedimentary processes, such as active sediment transfer to the deep ocean, take 
place and provide a record of climatic changes. Margins are also of major interest for the 
record of sea level change, earthquakes, gas hydrates, slope instability, cold seeps... (Fig. 3) 
This is also the area where human activity is increasing and moving towards deeper water 
(e.g.: deep offshore oil industry). 



Among the various phenomena that can be mapped and characterised on the ocean margin, 
the slope failures and associated mass-movements are processes of utmost importance. Large 
sediment failures along the world's ocean margins have recently been recognized. Striking 
examples of major slides are given by two case studies presented in this volume. One of these 
examples concerns recent slope failures and associated mass-movements in the NW 
Mediterranean Sea representing huge sedimentary events characteristic of the post-glacial 
history in this area (see paper from S. Berné et al in this volume). The other example refers to 
the well known Storegga slide which is presented as a natural laboratory for the interaction 
between gas hydrates and slope instabilities (see paper from J. Mienert et al in this volume). 
Megaturbidite occurring during the last glacial Maximum are often reported and are 
tentatively associated to the presence, at the time of the failure, of gas hydrates such as, for 
example, the Balearic Basin of the Western Mediterranean (Rothwell et al 1998). These 
examples highlight the importance of gas hydrates, and their potential role in slide triggering. 
They demonstrate that there is huge interest in the scientific community for this topic 
including fluid migration processes, gas escape at the seafloor, colds seeps, associated 
specific biosphere (macro and micro-) and geochemical reactions and even interaction with 
climate change related to the hypothetical release of substantial amounts of greenhouse gas. 
Many processes have still actually to be understood which may explain how fluid migration 
interacts on the dynamics of the seafloor such as for example slope failures. 

Several European research programmes such as MAST ENAM and STEAM and numerous 
industrial ventures and academic regional investigations have also demonstrated evidence of 
giant slope failure on the European continental margins. These events can obviously form 
major hazards to human settlements along European coasts such as tsunamis (e.g.: the well-
known event which occurred in Lisbon in 1755). These geohazards can also directly impact 
human activity on margins where significant development in deeper water takes place: e.g. 
the deep offshore oil industry. These major processes are also mainly responsible for 
sediment transport from the slope to the deep sea. Their study can contribute to a better 
understanding of oil and gas reservoirs, as for example through the spectacular case study of 
the recently discovered deep sea fan in the Celtic Sea (fig 4; Auffret, pers. comm.). With the 
recent development of deep offshore exploration, the understanding of sequence architecture 
and depositional facies in turbiditic environment is becoming one of the main issues for 
sedimentology studies to be conducted on modern depositionnal systems. It implies 
integrated studies (from the alluvial plain to the deep sea) of sedimentation on European 
margins including Quaternary sea-level changes, sequence stratigraphy and gravity-laden 
processes. 
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The oil industry activities are concentrated in N. W Europe, Brazil, Golf of Mexico and West 
Africa where new resources are expected. European oil companies are involved in all these 
areas. This industrial development calls for new research in Earth Sciences and technology 
for deep-water investigation. Development of new methodologies implying efficient tools and 
software for mapping and characterising the seafloor at different scales are also required. All 
the objectives relating to geodynamics, thermicity, sedimentary basins, sequence stratigraphy, 
gas hydrates, gravity processes and deposits, slope instabilities, are in fact the basis for a new 
beginning for margin and sedimentary process studies for geoscientists through a genuine 
scientific approach. Several initiatives have therefore been proposed in different countries 
(European and North American) to launch MARGIN programmes. 

Oceanic crust (D. Needham, pers. comm.).: 
It is useful to remember that about less than 10 % of the deep ocean floor has been covered 
using modern surface ship mapping and imaging. Concerning crustal studies, the crest of the 
mid-oceanic ridge has attracted particular attention. The mapping had led to huge advances in 
knowledge of the details of segmentation and surface structure, in guiding the collection and 
interpretation of all sorts of geophysical and petrologicai data and in helping an 
understanding of active hydrothermal systems. Crustal studies require a global approach and 
it is important therefore that Europe has a global and not a provincial approach. There is also 
clearly a particular opportunity to develop research in the region of the Açores and 
surrounding area. Many problems, not only of local, but also of general interest are posed 
there. 

The Açores represent a major mantle-melting anomaly (hot spot). The North 
American/African/Europe plate boundary triple junction is located there. Both normal and 
unusual deep and" shallow crustal processes are expressed in the region. It is an area of 
important hydrothermal activity and associated biological communities and metallic sulphide 
deposits. It is a zone of volcanic and seismic activity which presents natural risks to the 
population. And it provides an exceptional opportunity (thematical and logistical) for 
developing submersible projects, for exploring the possibility of new R.O.V.s and for 
planning long-term seafloor observations. Future aims as different as assessing hydrothermal 
chemical and thermal budget and their impact on the oceans or understanding the distribution 
and modes of tectonic and submarine volcanic activity, can be addressed only in harmony 
with an intimate knowledge of bathymetry, morphology, slopes, sediment and bare-rock 
distribution and other properties of the sea-floor. This implies mapping and imaging at all 
scales, including the use of deep-towed devices. A start has been made, the axial area cutting 
through the Açores plateau and to the South and part of the plateau itself, for example have 
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been mapped and imaged with hull mounted EM 12 systems. But there are years of work, 
particularly fine-scale work still to be done in order to have a full picture of the area and to 
begin recording temporal variations in this active part of the ocean. 

Characterisation of the mid-ocean is crucial for understanding accretionary processes and, for 
example, their consequences on biological populations associated with the creation of new 
crust. The study of the ridge gives us a good example of the necessary tools needed to map it 
by successively using a range from satellite altimetry, multibeam bathymetry, acoustic 
imagery and finally to optical imagery (Desbruyeres D. Michel J.L 1997). 

TOOLS, DATA PROCESSING AND METHODS 

Mapping: 
More efficient and therefore cost-effective tools such as hull-mounted systems, which permit 
more efficient and extensive surveys, should be one of the major trends in future technology 
where it is possible and when appropriate resolution can be attained. The major development 
of these systems concerns the improvements of their performance, especially in terms of 
imagery and therefore data processing (see papers from G. Canepa et al. and X. Lurton et al. 
in this volume). 

Moreover, the need for more accurate geophysical measurements, in response to the demand 
for high or very high-resolution deep-water studies, implies the development of new deep-
towed multipurpose tools. In this volume, B.Savoye et al describe the recent development of 
the PASISAR system which is a first step to solve the problem of near bottom seismic 
profiling in deep water. The future tools which will follow the generation of SAR and TOBI 
sonars will obviously integrate several sensors such as mid-range side-scan sonar, multibeam 
system, deep-towed seismics and other geophysical and geochemical sensors. A significant 
breakthrough would be the development of deep towed seismic sources. The problem of 
positioning, although facilitated by using ultra short base line positioning system, still 
remains to be improved in order for such instruments to be routinely used by scientific teams. 

Seafloor characterisation: 
New acoustic mapping systems have recently undergone a revolution; standard image 
processing algorithms such as contrast enhancement are an example, but data processing is 
definitively more than just image processing. If acoustic backscatter generally relates to 
sediment characteristics, some simple assumptions such as the hypothesis that coarser 
sediment always produces greater acoustic backscatter are wrong. An example is given by 



figure 4 exhibiting sandy lobe deposited in Celtic fan (N-Ε Atlantic) which indeed produces a 
spectacular low reflectivity patch. We therefore need both ground truth and appropriate data 
processing system for characterising the seafloor. The aim of seafloor characterisation is to 
subdivide an entire image into classes that possess unique sets of image attributes (Pratson 
and Edwards, 1996). One of the most active areas of research is the development of 
automated techniques for classifying different seafloor sections in remotely sensed data. The 
new generation of swath system allows the simultaneous record of the bathymetry and the 
seafloor reflectivity. The calibration of the reflectivity by samples generates an acoustic 
characterisation. A new image is calculated and forms the base of the classification; the 
geologist teaches the software the different facies by locating them on the mosaic. The 
acoustic signatures of these facies are determined and stored if they are discriminating 
enough; the label of the most similar facies is assigned for each of the pixels. The result is the 
so-called "segmented image" (see X. Lurton et al., in this volume). 

Use of existing data: 
3-D seismic data, usually acquired for oil and gas exploration purposes, is now being used to 
supplement or in some cases, even replace conventional high resolution geohazard surveys 
(Gafford, 1996). Migrated 3-D seismic exploration data represents a significant contribution 
to the detection, interpretation, mapping of deep-water hazards, drilling operations and 
seafloor engineering. Thanks to the regular density of coverage and the ease of manipulation 
of data in a computer workstation environment, the ability to extract reflectors information 
and to produce comprehensive 3-D maps of subsurface stratigraphy and seafloor images is a 
valuable addition to offshore geohazard investigation. 

In situ experiments: 
In situ measurements of physical and geotechnical properties of marine sediments are a 
prerequisite to calibrate marine acoustic data. These properties cannot be accurately obtained 
with laboratory analyses because of the remoulding effect of core sampling. For example, in 
case of study devoted to slope stability assessment, some specific physical and geotechnical 
parameters are required to characterise the sedimentary layers involved - or potentially 
involved - in slope failures. Some static parameters such as density, shear strength etc... are 
first measured. For that purpose boreholes can be considered as the best, but more expensive, 
way to access to in situ measurements. For cheaper, and probably more efficient 
measurements, some equipment has been recently developed in European research institutes 
aimed at superficial in situ experiments such as SAPPA (see paper from A. Best et al in this 
volume). A few tools have also been developed for deeper penetration. These first 
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experiments are preparatory for deeper penetration tools enabling the study of mechanical 
behaviour of the seafloor through in situ measurements. 

On the other hand, dynamic parameters are also ideally needed, for example seismic 
acceleration in case of earthquakes or excess pore pressure as a response to earthquakes or in 
case of fluid migration processes. For that purpose, long term monitoring would be necessary 
to study either sediment behaviour or any seafloor processes. Many tools exist in fact - or can 
be improved - to investigate the seafloor, but a key question nowadays is the temporal 
variability of seafloor processes at different scale (roughly 1 sec. to 10 years) (Desbruyeres 
and Michel, 1997). Important developments will take place, implying great technological 
progress for developing new sensors and solving problems of energy, high capacity data 
storage, specific communications systems between seafloor and laboratory on shore such as 
the research conducted in the MAST-GEOSTAR programme. 

CONCLUSION 

Tremendous progress has been made mainly in the framework of plate tectonics and climate 
change research programmes; they have now created the scientific context for developing 
new challenges that will probably be increasingly focused on environmental studies and 
assessment of resources of the sea and their interaction. Therefore, an exceptional opportunity 
exists now to develop research on margins where there are clear present common interests of 
science and industry, especially for the deep offshore oil industry. 

Hull-mounted systems such as multibeam echo sounders should still undergo an important 
development in terms of higher resolution for mapping and especially for imaging the 
seafloor. On the other hand, new deep-towed devices integrating several sensors are required 
for very high-resolution deep-water multipurpose studies. In any case, experience shows that 
a better use of highly sophisticated tools and methods requires the support of ground-truth. 
Ground-truth calls for specific technology such as sampling, in-situ measurements involving 
specific developments of instrumented platforms, the use of R.O.Vs and obviously the urgent 
need for boreholes. Many local studies have been conducted and have produced good 
geophysical data, but we greatly lack calibration. Drilling should be now considered as the 
ultimate test of all geological model, especially on continental margins where both scientific 
and industrial objectives are concentrated. 

These objectives will demand the development of new technologies, and their intensive use. 
Discussions have been recently undertaken between several European marine research 
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agencies to take further steps towards the creation of a unified European fleet of research 
vessels with a common scientific programme (see Nature, 392, 637;1998). When taking into 
account the numerous existing data and national programmes in progress, we can at least 
hope that at the European level (1) a better coordination of research will be organized, 
especially for an efficient use of ship-time, which remains the most important means - and 
therefore difficult to obtain - for marine scientists and (2) an effort in standardization will be 
made to reach one of the ultimate objectives : to map all the European margins and ridges, 
because mapping is the first step of all océanographie research programmes. Many areas are 
still to be systematically investigated to produce a map of the European seas, even if many 
initiatives have already been taken, especially in deep sea where some regions are almost 
totally covered. 
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1974/1.5 months 
Monobeam EDO 25 kHz. Spacing of 200 m 

Data processing by hand 

1990/12 hours 
Multibeam SIMRAD EM 12D. 4 passages 

Data processing by computer 

F.A.M.O.U.S. area 

Renard et al. 1975 Needham et al. 1990 

Fig. 1: Bathymétrie map of the FAMOUS area. Comparaison of efficiency of different means 
between 1974 and 1990 for mapping the same area. 
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Fig. 2: Bathymétrie map of the Nice-Baie des Anges. Different quality of maps acquired in the 
same area using different generations of multibeam echo sounders. 
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MARGIN / SEDIMENTARY PROCESSES 

SLOPE INSTABILITY 

2000m 

ANALOGUES 
Modern turbldltlc deposits 

Fig. 3: Main scientific questions which can be adressed on margins in terms of sedimentary 
processes. 
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Fig. 4: Sonar imagery of the Celtic Fan exhibiting low reflectivity patches related to recent 
sandy lobe deposits (example showing that coarser sediments do not always produce greater 
acoustic backscatter). (by courtesy of G.A. Auffret, MAST Project/ENAM) 
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PASISAR: SEVERAL ASPECTS OF NEAR BOTTOM 
SEISMIC PROFILING IN DEEP WATER 

Bruno SAVOYE, Yannick THOMAS, Hervé NOUZE, Bruno MARSSET 

IFREMER (Institut Français de Recherches pour l'Exploitation de la Mer), 29280-Plouzané, France 

ABSTRACT 

The PASISAR prototype enables the acquisition of near bottom seismic data in up to 6000 m 
water depth. It combines a surface conventional source with a single channel seismic-
streamer, towed at about 100 m above the sea bottom. This unconventional device geometry 
reduces the width of the first Fresnel zone and therefore increases the lateral resolution. The 
geometry of this hybrid system is such that the seismic resolution is largely better than the one 
obtained using conventional sea surface systems, but this geometry creates time arrival 
distortions and induces large incidence angles. A dedicated processing software package has 
been developed to deal with this specific system geometry and to obtain a readable seismic 
section. The PASISAR system is now operational and routinely used during SAR cruises. 
PASISAR and conventional seismic profiles being usually simultaneously recorded, we 
illustrate the interest of using a hybrid seismic device by comparing PASISAR data and 
conventional seismic data. The SAR added with PASISAR can be considered as the forerunner 
of near-bottom towed systems capable of integrated seabed studies in water depths up to 6000 
m, useful for fundamental research studies as well as for industrials needs. Already used 
within the framework of EEC funded océanographie projects, the PASISAR tool could be the 
start base of a new cooperative work between the main European océanographie institutes, to 
develop a new generation of deep-tow multipurpose geophysical systems. 

INTRODUCTION 

After decades of large scale ocean exploration, one is witnessing the emergence of 
research projects increasingly targeted, both on thematic and geographical plans and this, even 
by great water-depth. Efficient seismic systems are available « off the shelf» for water-depth 
corresponding to the continental shelf (0-200 m), for greater depths, present conventional 
seismic systems, because they are towed at the sea-surface, present several disadvantages: 

(1) due to the water-depth increase and in order to avoid seismic information overlapping 
several successive shots, the shooting rate has to be decreased and therefore the spatial 
resolution decreases. 

(2) the seismic sources are rarely directive; the diameter of the shed zone, called the 
Fresnel zone, increases with the water-depth. And contrarily to what is most often 
observed on the continental shelf, the 200-3000 m deep sea-floor domain shows 
rugged relief and is often characterised by steep slopes; thus the average seismic 
response hardly reflects the geological reality (see Figure 1). 

It is therefore illustratory to try to study at great water-depth, fine lateral geological 
variations or dense nets of small fractures or faults using conventional techniques. For long, it 
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has been known that such detailed investigation is only possible by using seismic devices 
towed near the sea-bottom. 

The PASISAR tool is intended for such objectives. It has now entered in an operational 
phase, and we assess here its characteristics, performances and potential application. 

PAST WORKS 

In the past, several attempts of near bottom seismic have been concluded, amongst which 
two projects had near bottom emission and reception: 

(1) DTAGS (for Deep-Towed Array Geophysical System) was initiated by the NORD A 
(Naval Ocean Research and Development Activity, Mississippi) in the beginning of 
80's (FAGOT, 1983). This project, that benefited from a very large military budget, 
was especially dedicated to the design of a deep-water source emitting a sweep of 
acoustic wave whose frequency was comprised between 260 and 650 Hz. This source 
had a volume of 2 m3 and weighed more than a ton. It was composed of 5 ceramics 
and was omnidirectional. At full power, the source could emit during 250 ms every 12 
sec. The 1000 m long seismic streamer consisted of 24 channels. The whole system 
source-streamer was towed near the bottom at an altitude comprised between 100 and 
500 m and at a speed comprised between 0.5 and 1.5 knots. The primary objective was 
to achieve a better mapping of the geological basement and the depth of penetration 
was in the order of 500 to 1000 m. It was tested successfully in 1984 and in the 
following years up to a water-depth of about 4500 m. This system was heavy to handle 
and only enabled the collection of seismic profiles. 

(2) A second project, named SEABED, with a total cost of 20 M French francs, has been 
developed by the HUNTEC private company on the request of the Bedford Institute of 
Oceanography (Halifax, Canada). The fish was equipped with an « off the shelf» side-
scan sonar, a seismic source of boomer type including its capacitors, with attitude 
sensors, as well as with a short single channel seismic streamer (Dodds, 1983). 
Designed to work in water depths between 500 m and 2000 m, it was thought to be a 
first step before the realisation of a 6000 m water-depth tool. Only the 2000 m 
prototype has been built and tested at sea. It gave good results, but because it appeared 
to be very expensive, too heavy, bulky and difficult to maintain, this project was 
abandoned. 

Bowen (1983) showed that, at great water-depth, a very large amount of the reduction of 
the Fresnel zone that one could expect by placing the source and the streamer near the bottom, 
could be obtained by placing only one of these elements near the sea-floor (hybrid systems). 
Based on this discovery, some experiments with streamers near the bottom have been 
conducted over the past 15 year. In the USA, the experiments have been through the DSDP 
51, 52 and 53 legs (International Deep-Sea Drilling Project) led by the Lamont and Woods-
Hole Institutes (Purdy and Gove, 1982). Also a team of the University of Washington has 
conducted experiments on the West coast. In Great Britain, the experiments have been carried 
out by the University of Cambridge (Bowen, 1983) and the University of Birmingham. 
Finally, in Japan recent development have been realised by the Geological Survey (Kisimoto 
and al., 1990). Most of these experiments only concerned prototypes. Most of them did not 
have any continuation. In most cases, the objective was to better characterise the geometry of 
the basement; better imagery of the sedimentary cover was not the goal. 
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LATERAL RESOLUTION IMPROVEMENT 

The lateral resolution refers to how close two reflecting points must be situated 
horizontally apart to be recognised as two separate points rather than a single one. 

The first Fresnel zone is defined as the portion of the subsurface ensonified by two wave 
fronts separated by a quarter of the signal wavelength (1/4). Two reflecting points that fall 
within this zone are merged (Yilmaz, 1987). Hence, features with a lateral extent smaller than 
this zone will be hidden. 

The width of the first Fresnel zone is related to the geometry of the acquisition device and 
the signal wavelength (or the signal frequency and the seismic velocity). As previously 
discussed and shown in Fig. 1), a large part of the improvement between a fully deep-towed 
device and a conventional device is achieved by using the hybrid system. For large water 
depth (5200 m) and a dominant frequency of 60 Hz, the first Fresnel zone is 510 m wide for 
the conventional device (without lateral offset), 70 m wide for the fully deep-towed system 
(100 m above the sea floor, no lateral offset) and 130 m wide for the hybrid system (with a 
lateral offset of 3450 m). With the hybrid system, the lateral resolution theoretically increases 
by a factor of 3.9 compared with the conventional system. The fully deep-towed device only 
improves the resolution by a factor of 1.85 compared with the hybrid system. 

REMINDERS ON THE PASISAR PROJECT 

Even if the technical aspects of the project have already been largely described (Savoye 
and al., 1994; 1995, Sibuet and al., 1996) it is worth reiterating some essential points of the 
project. 

Technical solutions enabling the development of a THR seismic source able to work 
down to 6000 m water depths being either confidential, or very heavy to implement and 
costly, it is the hybrid solution, that consists in placing solely the streamer near the bottom, 
that IFREMER decided to retain for the PASISAR project (Savoye and al., 1995). This 
project received, from its beginning, the support of the Ecole Normale Supérieure (Paris, 
France), user of the SAR system. 

The SAR (working since 1984) is usually towed near the sea-floor. It is equipped with a 
high-resolution side-scan sonar, able to work until 6000 m of water-depth. The sea trials have 
shown that the analysis of sonar data (view in plan) is indispensible for the analysis of 
"seismic" data (view in 3D cross-section). Also users of the SAR have become used to 
acquiring seismic profiles using conventional surface systems simultaneously with the 
acquisition of SAR profile. This is why, both for scientific and technical reasons, the SAR 
tool has been retained to conduct this project of near bottom seismic. 

The SAR is composed of an armed coaxial cable, a depressor and a hydrodynamically 
profiled vehicle. The vehicle is towed at an average altitude of approximately 100 m above 
the sea-floor down to 6000 m of water-depth and at an average speed of 2 knots. Multiple 
sensor data, as well as attitude and navigation data are numerically transmitted through the 
cable to the ship at the sea-surface every 1.5 second. 

The PASISAR (Seismic PAssenger for the SAR) has been added to the SAR without 
rebuilding the system (Fig.2). The SAR electronics and the SAR management and acquisition 
programs have therefore not been modified. The PASISAR Seismic data are analogically 
transmitted via the cable, by using a pre-existent transmission channel unused in routine. 
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Diameter of the Fresnel zone (main frequency = 60 Hz 

Figure 1 - values of the width of the first Fresnel zone for geometries corresponding to 
the three main acquisition devices (surface, hybrid and deep-towed), in the case of a 2D 
problem with an air gun source type.. 
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SURFACE SEISMIC STREAMER 

^ 
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\ 
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\T 

SEISMIC S O U R C E 
(GI150, S15, SPARKER) 

Up to 
6000m 

^ SAR SYSTEM ' / / Positioning 
Ultra short base line 

PASISAR 
Figure 2 : Schematic drawing of the PASISAR concept. Note that the dissymetrical acquisition 
device implies the skewness of the rays and therefore the positioning of the reflecting points 
along a hyperbola. 

The seismic source towed near the sea-surface is conventional (air guns or water guns, 
sparker,...). As in the case of conventional seismic surveys, the choice of the source depends 
on the requested penetration and resolution. 

The streamer has been specially designed for PASISAR. It is 20-m long and towed just 
behind the SAR vehicle. It comprises a 11 m long active section of 21 hydrophones of similar 
type to those used by Avedik (1986) for its vertical streamer. The hydrophones are mounted 
into a special polyester sleeve armoured with four towing Kevlar cables. The special polyester 
sleeve, more rigid than a traditional one, reduces the effects of variable towing speeds, and 
netter protects the hydrophones during launching and recovery operations. 

Due to the seismic ray obliquity, signals received on the streamer are relatively weak in 
amplitude. Before transmission through the cable, they are amplified in an interface tank 
located in the SAR vehicle. The gain level can be remotely controlled from the vessel, to best 
manage observed signal amplitudes variations. The systematic tracking of all polluting noises, 
either of electrical or acoustic nature, allowed to improve significantly the performances of the 
system. In routine mode, the acquisition of PASISAR data is undertaken on board the ship 
simultaneously with the surface seismic data acquisition. The recording of data is performed 
using a conventional PC based system, typically a Delph2 (manufactured by ELICS). It has 
been adapted to the management of PASISAR data; it allows to manage the two types of data 
(surface and near-bottom) independently and to acquire on the same recording device the 
navigation parameters of the SAR (especially, source-streamer offset, immersion and altitude 
of the vehicle). 
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The project began at the end of 1992 and the first tests at sea were undertaken in February 
1993. Since this date, two other testing cruises as well as seven research cruises (Fluigal, 
Guiness2, Nicasar, Jason, Tokai, Sarridge, Sedifan) have been achieved. These are therefore 
several thousands of PASISAR profile kilometres that have been collected in water-depths 
ranging between 200 m and 5200 m. 

LIMITS OF THE PASISAR CONCEPT 

The PASISAR solution, i.e. the hybrid geometry does not present only advantages. The 
pilot of the SAR tries to keep the fish at a relatively constant altitude (100 meters) above the 
sea-floor in order to obtain the best side-scan sonar images. To perform this, he can only vary 
the length of the towing cable. The variations of the length of the cable produce a non linear 
variation of the oblique offset, of the horizontal offset, of the immersion and of the altitude. 
The oblique offset is the direct distance between the source and the streamer, its value is close 
to the length of the cable. However, there exists a difference due to the curve of the cable, 
which is linked to the speed of the ship and the resistance of the water mass. One has therefore 
to take into account at least 4 drawbacks: 1) the PASISAR streamer is towed neither at a 
constant altitude above the bottom, nor at a constant immersion; 2) one does not work at a 
vertical angle; 3)the geometry of the device varies all along the profile; 4) the source-streamer 
offset is not negligible. 

The PASISAR streamer is towed neither at a constam altitude above the bottom, nor at a 
constant immersion 

Even if the pilot of the SAR tries to keep the fish at a relatively constant altitude (100 
meters) above the sea-floor, the altitude of the SAR above the bottom varies continuously in 
the range 50-200 m. The variations of the sea-floor-streamer distance induce variations of the 
reflection point-hydrophones travel time, that create artefacts, a flat bottom being able to 
appear undulated as shown in Fig. 3. 

Similarly, to follow a regularly descending slope, the pilot can run in or to run out cable 
all along a profile. This produces a continuous increase or decrease of the source-streamer 
distance and therefore a vertical distortion of the profile. 

One does not work at vertical angle 

In a conventional seismic device, the source and the streamer are almost at the same 
immersion level. For each shot, the reflective points of the different geological interfaces are 
located on a same vertical. In PASISAR, the source and the streamer are not at the same 
immersion level. The reflective points of the different interfaces are no longer located on the 
same vertical, since their position depend on the source-reflector and reflector-streamer 
offsets. For each shot, the reflective points of the different interfaces are aligned along a 
hyperbole in the subsurface. Thus each trace of a rough PASISAR seismic section 
corresponds to information which are not corresponding to a vertical cross section, even if the 
trace is vertically printed (Fig. 2). 

A seismic trace does not represent a vertical cross section of the subsurface, as in the case 
of a conventional surface profile, but a cross section according to a hyperbole whose form is 
function of the propagation velocity of seismic wave and the obliquity of rays, therefore of the 
geometry of the device (Fig. 2). 
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Seafloor reflector with a 
streamer al a constant altitude 

Seafloor reflector as imaged 
by the Pasisar streamer 

Figure 3 - Artefacts due to the motions of die SAR vehicle above the sea-floor 

77;g distance source-streamer is not negligible 

At great water-depth and due to the cable drag, the SAR is located far behind the ship. 
When the source-streamer distance is great, the ray angle of impact can reach 50°. One risks 
then to have refracted'waves that interfere with reflected waves. Maze (1991) showed that, in 
conditions of utilisation of the SAR, one approaches the critical zone for water depths 
exceeding 4000 m and only if superficial velocities are high enough (outcrops of basement for 
example). In fact, refracted waves have been rarely observed on PASISAR profiles and it was 
always at great water-depth and in extreme limit conditions. 
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The geometry of the device varies during the profile 

The geometry of the device (immersion, altitude, offset) is susceptible to vary for each 
shot and in order to correct the artefacts previously described, one has imperatively to know 
the exact geometry of the device for each shot. 

The seismic information positioning 

By admitting that one could correct seismic sections for the artefacts previously 
described, it is important to know precisely the geographical position of each seismic trace. 
This is not a trivial problem, assuming that the position of the first reflection on the bottom is 
offset as compared to the position of the SAR (Fig. 2) and that the value of offset varies for 
each shot. Moreover, each traces of a raw profile corresponds to a hyperbolic section of the 
subsurface, for which the position of the first reflection on the bottom is not representative. 

SPECIFIC DATA PROCESSING 

Seismic sections obtained in real time with PASISAR can not be interpreted directly and 
a specific processing module has been developed to correct distortions inherent to the hybrid 
systems. During three years, various algorithms and procedures of processing have been 
developed and tested (Thomas, 1995). By the end of 1995, a satisfactory data-processing 
module was available. The last step consisted of its integration in an already existing 
processing software usable onboard a ship. The software is now operational. It is a user-
friendly system which minimises and simplifies the actions of the operator, it facilitates the 
on-line quality control of the processing and makes use of the modules of the Sithère software 
(Lericolais and al., 1990). 

The first step of the PASISAR data processing consists of elaborating, by sifting, filtering 
and smoothing a clean file, including for each shot the following parameters: immersion of 
the streamer and streamer-source offset (Thomas, 1995). Depending on the quality of data 
acquisition, this step requires a greater or lesser intervention by the operator. If the knowledge 
of the former affects directly the end result, experience has shown that, with a minimum of 
training, a non warned operator could obtain good results with the dedicated, developed 
software. The. position of each source point is known thanks to the ship navigation data. The 
offset between the source and the receivers is computed using two positioning parameters: the 
depth of the streamer (immersion) and the oblique distance between the source and the 
receivers (fig. 2). The immersion is recorded using a depth gauge placed on the SAR vehicle. 
The oblique distance is calculated by automatically picking the first arrivals (water travel 
times between source and receivers) on the raw seismic sections. 

The second step is more rapid although more sophisticated. It concerns the seismic data 
correction itself. Several algorithms have been envisaged, developed and evaluated. It is 
possible to obtain, rapidly, a seismic section more readable than the raw one, by a rapid 
processing:known as the « static » correction. This correction allows the correction of the 
artefacts only due to the variations of altitude. Doing that, one corrects the immersion of the 
fish and therefore of the seismic streamer for each shot fixing it at a constant immersion level, 
which is the reference immersion (Fig.4). This level of reference is, in the case of PASISAR, 
the minimal immersion level of the fish all along the profile. 
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Figure 4. Principle and parameters of the static correction 

Given that the level of immersion of the SAR is not constant, the source­streamer offset 

varies according to the variation of the bottom depth and the immersion of the fish. To obtain 

the information on the sea­floor geometry, it is necessary to know the gap in time Δτ between 

the streamer and the level of the reference immersion, for each shot. This gap in time Δτ. 

represents the travel time of the wave, from the true position of the fish to its imaginary 

position at the level of immersion 0. To perform the geometrical correction, it is necessary 

therefore to calculate, for each shot, the gap in time Δτ. The thoretical position from the 

reflective point is calculated for a locally flat bottom model. This is achieved by iteration from 

the parameters of immersion, altitude and horizontal offset. During this process, a verification 

of the position is made by comparing the calculated depth of the reflective point with the 

value of the true water­depth at this position, obtained from the navigation file. If the 

reflective point depth is identical to that of the navigation file, then the position from the 

reflective point is correct. Knowing the positions of the source, of the Reflective Point, of the 
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streamer and the level of the reference immersion, one calculates the difference Δτ between 
the travel time Source-Streamer and the travel time of Source-reference immersion. Then one 
corrects the seismic record of each shot by using this difference Δτ. 

However this simple correction algorithm, called " static correction ", which consists in 
reconstructing a profile at a virtual constant immersion in recalculating solely the first arrival 
time of the bottom, has been abandoned, because it did not give good results at great water-
depths or when the motions of the SAR above the bottom are too great. 

In fact, as in a homogenous medium, the device asymmetry is responsible for a lateral 
drift of the reflection point along a hyperbola (fig. 1) and the poor results of the static 
correction algorithm are not surprising; A new seismic trace, representative of a vertical 
section, must be recalculated for each shot. In more complex environments resulting from the 
seafloor topography and from the velocity field and because of the generally large source to 
receivers offsets especially in deep waters, the actual reflection point positions can be difficult 
to determine. Consequently, in addition to conventional processing (filtering, amplitude 
recovery), the PASISAR data have to be migrated in order to produce a readable image of the 
subsurface. 

As the migration efficiency is very sensitive to the accuracy of the source to receiver 
offset, the immersion and the oblique distance are carefully edited to correct for any aberrant 
values. 

For each shot, the source and the receiver are positioned on an equally spaced grid in the 
depth domain (the travel time grid). Note that the source and receiver positions do not have to 
fall on grid nodes. The arrival travel times between each point of the travel time grid and both 
the source and the receiver are computed using a finite difference algorithm solving the 
Eikonal equation (Podevin et Lecomte, 1991) and a user defined velocity model in depth. The 
finite difference algorithm can handle rather strong lateral and vertical velocity variations, as 
long as two important conditions (Hernandez et al., 1994) are fulfilled: 

a/ the velocity field should be known and accurate along the profile; 
b/ the first arrivals computed from the Eikonal equation, should be valid all over the 

section. By summing the two travel time grids (source to nodes and receiver to nodes), we 
obtain the source to receiver travel time grid. 

According to the Fermat principle, the actual reflection points are minima of the travel 
time field. In the case of a simple slow varying velocity model, the nodes corresponding to 
these stationarities are defined, and the contribution of the current shot to the signal on these 
grid nodes and the close neighbours is obtained from the seismic trace. The resulting shot 
depth sections are stacked to produce the final section. 

In the case of a highly contrasted velocity model, for each shot, the whole shot travel time 
grid is filled with the amplitudes of the seismic trace corresponding to the arrival times on 
each node. The reflectors appear thanks to the constructive interference generated when 
stacking the shot depth sections. This second migration method produces noisier depth 
sections, but takes into account all the reflection paths in complex velocity models. 

In practice, because the geometry of the reflectors on raw sections are distorted and 
because a velocity model in depth is required, the processing has to be iterative. A first 
migration with constant water velocity is performed to define the actual geometry of the 
seafloor. Thanks to this information, a two half-spaces velocity model can be built, and the 
migration process repeated. The number of iterations (a migration followed by velocity model 
updating) will then be equal to the number of interfaces in the final velocity model. 
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This correction, called the « PASISAR »correction, gives the best results and is now used 
in routine on board the vessel with a SUN workstation (Spark 10). 

EXAMPLES OF PASISAR DATA 

A hybrid seismic device such as PASISAR allows to use any kind of seismic source, 
either a high frequency source to conduct very high resolution surveys, or a more powerful 
but lower frequency source for deeper studies. 

The profile of the figure 5 has been collected by 700 m of water-depth with a sparker 
emitting in the frequency range of 200-1000 Hz. The upper image corresponds to the profile 
realised with the conventional surface streamer. The PASISAR profile (middle image) has 
undergone the specific processing explained within the preceding paragraph. The comparison 
of the two profiles shows, without equivocal, the improvement of the quality of the seismic 
image with PASISAR. The signal / noise ratio, as well as the vertical and spatial resolutions 
are highly improved. The penetration obtained with the near-bottom streamer is even greater 
than those obtained with the conventional surface streamer. 

Despite the complexity and the extent of processing undertaken on PASISAR data, the 
after processing profile shows no lost in quality as compared to the raw profile; the 
morphology of the seafloor and of the superficial reflectors are perfectly superposable with 
those of the 3.5 kHz subbottom SAR profile (lower part of the figure 5). 

The profile of the figure 6 has been recorded at 5300 m of water-depth (Sibuet and al., 
1996). The source was a G.I air gun of 150 ci . emitting in the range of frequency 10-200 Hz. 
It illustrates the capacities of the PASISAR system in great water-depth. 

Figure 5 : Example of conventional and PASISAR seismic profiles that have been collected 
simultaneously. The seismic source was a 700 J SIG sparker and the water depth was about 
700 m. 
A- Conventional surface data (migration using a 1500 m.s'l velocity). 
Β - PASISAR streamer data, with geometrical correction and processing sequence as in A. 
Note the increased signal/noise ratio, penetration and resolution compared to the conventional 
data in A. 
C - corresponding 3.5 kHz SAR profile. Note that the detailed morphology is exactly the 
same as displayed by PASISAR data. The PASISAR profile usefully complements the 3.5 
kHz data. 
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Figure 6 : Example of conventional and PASISAR seismic profiles that has been collected 

simultaneously in the Iberia Abyssal Plain. The source was a 150 ci GI air-gun and the water 

depth was about 5300 m. 

A- Conventional surface data (migration using a 1500 m.s'l velocity). 

Β - PASISAR seismic data, with geometrical correction, and processing 

sequence as in A. Note the increased signal/noise ratio, penetration and resolution within the 

sedimentary column compared to the conventional data in A. 

CONCLUSIONS 

The PASISAR system is capable of acquiring high-resolution seismic data with 

significantly greater detail than conventional surface seismic, especially in areas of steep 

seabed slopes. Although the in-line offset between the source and the streamer is not 

negligible, the development of a specific processing package enables the production of a 

seismic section which can be used by geologists. 

The PASISAR streamer generates a very detailed seismic profile, which can usefully 

complement other data from the SAR (very high- resolution side-scan sonar imager)', near-

bottom bathymetry, near-bottom 3.5 kHz profiling, 3-component magnetometer data) and 

geophysical data collected from the vessel, namely conventional (surface) seismic and 3.5 

kHz profiling. It gives good results even in very great water-depth (> 5000 m) using a GI gun. 

With a 750 J sparker, the results are satisfactory to a water-depth of 1500 to 1900 m (function 

of the state of the sea and the ambient noise level). 

Thus, the SAR augmented with PASISAR is a high performance tool for detailed studies 

of stratigraphy, site surveys and deep-water mapping, particularly in areas of steep slope. It 

can be considered as a forerunner of near-bottom towed systems capable of integrated seabed 

studies in water depths of up to 6000 m 

The recent expansion of offshore industry to deeper water has lead to the emergence of a 

new interest for detailed investigations at great water-depths (> 200 m), especially before 

setting up /exploration at the sea-floor. Industrial applications of PASISAR will be 

born soon. Already THOMSON MARCONI SONAR envisages to integrate PASISAR into a 

new tool in development. In the area of basic research, the existence of a tool such as 

PASISAR also opens up new prospects in geology as well as in geophysics (wide angle 

seismic, estimation of velocity models,....). PASISAR and in general the near-bottom 

geophysical tools could be the area of new intense cooperative work between the main 

European océanographie institutions in the near future. 
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SAPPA: A NEW INSTRUMENT FOR SEAFLOOR SEISMO-ACOUSTIC 
MEASUREMENTS 

ANGUS I. BEST 

Southampton Oceanography Centre, European Way, Southampton, S014 3ZH, UK. 

SUMMARY 
The SAPPA is a new instrument designed for the rapid acquisition of seafloor geophysical 
and geotechnical data. It will enable detailed studies of acoustic wave propagation in marine 
sediments ranging from gravels to muds, and has direct application to pipeline and cable route 
surveying. The present system can penetrate two 1 m long probes into a sand or gravel 
seafloor and measure P-wave velocity and attenuation with depth up to a frequency of about 
8 kHz. It can also measure the velocities of horizontally and vertically polarised shear waves 
at the surface at a frequency of about 200 Hz. Shallow water sea trials and beach trials show 
that SH-waves can be easily identified on the records, even in the presence of noise, thanks to 
the dual polarity source. Future developments will include the addition of a piezocone 
penetrometer for detailed stratigraphie information and shear strength measurements. 

INTRODUCTION 
Remote acoustic methods are widely used by the offshore industry for seafloor assessment. 
High resolution sidescan sonar images and acoustic profiles combine to provide a detailed 
picture of the seafloor and the upper 100 m of sub-bottom sediment that is vital for choosing 
stable sites for large seafloor structures (e.g., Pelletier et al., 1997; Power et al., 1997). Cable 
and pipeline route assessments, on the other hand, require very detailed information in the 
upper 2 m sub-seafloor for predicting the ploughability of the sediment. In both cases, while 
recognising and tracing the extent of geological strata is helpful, the engineering geologist 
requires quantitative data, such as sediment strength, that will enable soil behaviour to be 
predicted under various scenarios. Only by understanding the relationships among the 
acoustic and geotechnical properties of marine sediments will it be possible to extract 
quantitative information using remote acoustic methods. 

Most of what we know about marine sediment acoustic properties has come from laboratory 
measurements on cores or other sample types. The unconsolidated nature of marine sediments 
and the sampling methods themselves can often lead to sample disturbance that is difficult to 
quantify (Weaver and Schultheiss, 1990), which in turn leads to doubts over the validity of 
laboratory measurements. The alternative is to carry out careful measurements on the seafloor 
itself, which raised some significant, but not insurmountable, technological challenges. 
Indeed, the technology for in-situ acoustic measurements has been around for some time, but 
has not been used widely. On the other hand, the offshore industry uses seafloor instruments 
to measure geotechnical parameters as a matter of routine. 

THE SAPPA CONCEPT 
There are several seafloor systems already in existence for measuring acoustic and 
geotechnical properties (Power and Eastland, 1986; Rodger, 1986; Barbagelata et al., 1991; 
de Lange, 1991; Theilen et al., 1992; Power and Geise, 1995). These are mostly shallow 
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water systems, although seafloor acoustic measurements have been made in deep water using, 
for example, a submersible (Hamilton et al., 1970), or a modified piston corer (Fu et al., 
1996); IFREMER in France have developed an instrument for deep water geotechnical 
measurements in soft sediments (Damy, 1989). Despite these efforts, there is no single 
system that can work in all water depths and can offer a flexible approach to sensor 
configuration according to sediment type. 

The concept of the SAPPA (Sediment Acoustic and Physical Properties Apparatus) is that it 
should enable both geophysical and geotechnical measurements to be made on the same 
volume of seafloor sediment at the same time. This is the only way to reliably investigate the 
fine-scale inter-relationships among sediment properties. It should also operate in water 
depths up to 2,000 m, which marks the approximate limit of offshore activities in the 
foreseeable future, and preferably to full ocean depth (6,000 m). It should also enable a fairly 
rapid and expansive coverage of a designated study area, given the financial constraints on 
ship time, and real-time data acquisition, if possible. Most importantly, it should be able to 
deal with a range of sediment types, from sands and gravels to silts and clays, that exhibit a 
wide range of geophysical and geotechnical properties. By using a single, well calibrated 
instrument such as this, it will be possible to make valid comparisons of sediment physical 
properties between seafloor stations only a few metres apart, or located in different ocean 
basins. The accuracy of the measurements is most important if subtle relationships are to be 
investigated, such as the effect of low-concentration, biogenic gas production on sediment 
strength. 

Figure 1. The SAPPA being assembled at sea during shallow 
water trials (CD104). 

SAPPA FOR COARSE SEDIMENTS 
The SAPPA development is ongoing, but the initial work was carried out during the 
POSEIDON Project (MAS3-CT95-0038) alongside several other instrument developments 
for detailed seafloor and sub-bottom studies in deep water (see Best et al , 1996). The first 
operational requirement of the SAPPA was to obtain seismo-acoustic data on coarse grained 
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sediments during a multi-disciplinary environmental survey in the Arabian Gulf (see Kenyon, 
1997). 
The main purpose of the SAPPA is to deploy instrumented, sediment probes. It is well known 
from marine sediment coring operations that probes (or core barrels) are difficult to penetrate 
into coarse sand and gravel under their own weight. Hence, a "pile-driver" system was 
designed where each probe is pre-loaded with a mass appropriate to the sediment resistance, 
and is struck repeatedly with a driver mass (or hammer). A basic system worked well during 
initial tests on a sandy beach. The SAPPA frame and probes are described below. 

SAPPA 
POSITION DURING 
LIFTING, LAUNCH AND 
DEPLOYMENT 

POSITION DURING 
TRANSIT AND 
WHILST Ol-J SEABED 

2500-
SIOE ELEVATION 

PLAN 

WEICHT 1500kg APPROX 
DIMENSIONS IN mm 

Figure 2. The SAPPA frame showing its position during deployment 
and while on the seafloor. 

F R A M E A N D P R O B E S 
The SAPPA frame is made from steel and is divided into a lower and an upper part (Figures 1 
and 2). The lower part comprises a circular space frame with a sturdy base supported by four 
cross members and has a central, vertical pillar for guiding the upper frame during lifting and 
lowering. The upper frame is also circular with four supports attached to the guide on the 
central pillar. The whole frame is lifted using a strop attached to the centre of the upper 
frame; the upper frame rises until it comes against end stops on the central pillar which then 
take the full weight of the lower and upper frames. The purpose of this design is to enable 
the two probes to be fully retracted inside the frame before it is lifted off the seafloor, and to 
achieve this without putting lateral stresses on the probes that could bend them during their 
extraction. 
The frame has a versatile arrangement of attachment points for electronics tubes and ancillary 
equipment, and will allow new sensor systems to be mounted. It is 2.5 m in diameter and 
weighs approximately 1.5 tonnes in air when the electronics tubes and probes are attached. 

The two steel probes are 38 mm in diameter, approximately 1.3 m long and give a sediment 
penetration of 1 m. A spring loaded hammer mechanism is used to drive the probes into the 
sediment under a pre-load that can be varied according to the sediment type. At present it is 
set up for coarse grained sediments and has a pre-load of 16 kg; the spring loaded hammer 
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delivers an impulse of approximately 1 N.s, releasing a stored energy of about 2.5 Joules. 
The hammer is raised and dropped using a cam driven by an electric motor via a sealed 
flexible drive shaft. The vertical probe displacement is measured by a taut wire wound onto a 
grooved drum that is coupled to a rotary spring and a multi-turn potentiometer. 

Three motor units are used to drive the two probe hammers and the SH-wave generator (see 
below). Each unit comprises a Maxon motor and gearbox attached to a shaft via a flexible 
coupling housed within a modified 12-inch pressure tube. The shaft exits the pressure tube 
through" two bearings and a high pressure seal into a pressurised oil chamber; the outer 
bearing takes the inward thrust resulting from the hydrostatic load on the shaft. The oil 
chamber is covered by a rubber boot to pressurise the oil and to take account of volume 
fluctuations. The endcap of the oil chamber holds a bearing to support the shaft and contains 
a series of low pressure seals. The motor units are attached to the lower frame assembly. 

Power for the whole system is provided by two underwater batteries giving 24 volts, 38 
ampere hours; one battery is for charging, the other is for operational use. The main 
electronics are stored in two 30-inch pressure tubes which are mounted on the spokes of the 
lower frame. 

P-waves 

Figure 3. SAPPA showing P-wave profile 
method. 

P-WAVE MEASUREMENTS 
A P-wave source is housed in the tip of one of the probes and transmits signals that are 
detected by two hydrophone receivers. One hydrophone is housed in the second probe tip, the 
other is mounted on the frame near the top of the source probe. High resolution profiles can 
be acquired by driving the probes into the sediment in tandem and recording a shot at each 
depth (see Figure 3). Alternatively, the probes can be driven into the sediment independently 
to obtain different source-receiver geometries and, hence, propagation directions through the 
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sediment column; the surface hydrophone gives the vertical direction. Being able to record 
waves in the vertical and horizontal directions can potentially give sediment anisotropy 
information. 

The P-wave source uses a spring loaded axial hammer to strike a conical steel washer braced 
against the internal wall of the probe. Water tank tests were carried out to determine the 
source power, directivity and frequency content. The P-wave source was found to give 
useable energy up to a frequency of about 8 kHz making it possible to compare the results 
directly with most high resolution profiling systems. A source power of 152 dB re: 1 pPa @ 1 
m was recorded using a calibrated reference hydrophone. Inspection with the reference 
hydrophone at different positions in the water tank suggested a spherical radiation pattern. 
The source produces repeatable signals that can be used for attenuation measurements, 
knowing the source power given above. 

SHEAR WAVE MEASUREMENTS 
Shear waves are difficult to generate in low shear strength materials and are 'rapidly 
attenuated. However, they do have the advantage of polarisation which can give anisotropy 
information. Shear wave velocity is particularly relevant for estimating soil shear strength and 
is probably the most important seismic parameter that can be measured for geotechnical 
studies (Hovem et al., 1991). 

The SAPPA can record shear waves of any polarity using a three-component (3D) geophone 
comprising three, orthogonally aligned, OYO GS-20DM elements. The 3D geophone is 
mounted on a light, spiked plate that is isolated from the steel frame via four struts with 
special decoupling joints; it is spring-loaded and free to move in the vertical direction to 
ensure a good contact with the seafloor. 

Horizontally polarised shear waves (SH-waves) are generated using a ridged footplate that is 
impacted by two sprung, cam operated hammers driven by the motor/shaft arrangement 
described above (see Figure 4). The footplate is isolated from the steel frame and is free to 
move in the vertical direction in a similar manner to the 3D geophone. 

The advantage of the SH-wave generator is that is generates opposite polarity waves that can 
help identify shear waves in the presence of noise. Vertically polarised shear waves (SV-
waves) are generated by the probes as they are hammered into the sediment. 

FLEXIBLE SHAFT TO 
Sh ASSEMBLY 

ISOLATION 
MOUNTS 

SEABED 

Figure 4. SH-wave generator. 
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Figure 5. Example three-component data recorded during 

shallow water trials: a) SH-waves; b) SV-waves. 

S H A L L O W WATER T R I A L S 

The SAPPA was taken onboard the RRS Charles Darwin during research cruise CD 104 and 

deployed amidships from a coring warp in about 100 m of water. An analogue signal path was 

provided to the surface using a multi-conductor cable clipped to the main lifting warp. Hence, 

the SAPPA probes, and P-wave and S-wave systems were controlled from the surface; full 

waveform data were recorded using a four channel, digital storage oscilloscope. An analogue 

system was chosen for these initial trials to eliminate signal contamination by digital abasing 

effects. The main purpose of the trials was to determine whether the SAPPA sensor 

configuration would enable useful seismo-acoustic parameters to be extracted from the 

recorded signals. 

Example results for SH-waves and SV-waves are given in Figure 5. Unfortunately, no P-wave 

data were collected due to an electrical earthing problem that proved impossible to correct at 

sea. 
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The results show what look to be impulsive SH-waves on the transverse (x-) component in 
Figure 5a , including two similar, later arrivals; the first arrival gives a SH velocity of about 
20 m/s. There is very little energy on the other two components. In Figure 5b, most of the 
energy is on the two horizontal components and there is a fair amount of noise, although 
there is a small amount of energy on the vertical (z-) component (SV-wave?). To assess the 
results, it is first necessary to determine the source signatures in the absence of the steel frame 
that may cause spurious "frame wave" arrivals. 

210\ 

270 
Azimuth (degrees) 

Figure 6. Normalised amplitude versus radiation direction for 
the SH-wave generator. The particle motion is along the axis 
0 - 180 degrees. 

BEACH TRIALS 
Trials were conducted on a sandy beach using the SH-wave generator, a probe (for producing 
SV-waves) and the 3D geophone detached from the frame. 
The SH-wave generator was pushed firmly (about 1 cm) into wet sand and the 3D geophone 
was planted at a distance of 1 m from it with its x-axis in the transverse direction, its y-axis in 
line, and its z-axis in the vertical direction. Two signals were recorded at each geophone 
location, each one from alternate hammer blows giving opposite polarity signals. The 3D 
geophone was then moved around the circumference of an imaginary circle, always keeping 
the y-axis in line with the centre of the fixed, SH-wave generator. 
The polar plot of SH-wave (x-component), normalised signal amplitude in Figure 6 shows a 
dipolar radiation pattern. 
Figure 7a shows impulsive arrivals on the transverse (x-) component, and almost nothing on 
the other two components which suggests that the SH-wave generator works well. The 
second arrival is probably caused by hammer bounce and does not affect the results. The 
velocity of the first arrival is about 100 m/s with a dominant frequency of about 200 Hz. 

Figure 8 shows two opposite polarity SH-waves generated from alternate hammer blows of 
the SH-wave source; the signals are quite repeatable. This facility enables several signals to be 
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stacked to suppress compressional waves such as frame waves, hence increasing the 
likelihood of detecting shear waves in the presence of noise. 
One of the probes was hammered into the sand to a depth of about 50 cm at distances of 1 m, 
2 m and then 3 metres from the 3D geophone. An example three component record is shown 
in Figure 7b. A similar pattern emerges to that observed during the sea trials in Figure 6b; 
large amplitude arrivals are seen on the horizontal components and a relatively small 
amplitude arrival on the vertical component. The dominant frequency of the first arrival on 
the vertical component is about 200 Hz. SV-wave velocities of 110 m/s, 181 m/s and 217 
m/s at 1 m, 2 m and 3 m, respectively, were measured. This implies that lower velocity 
surface waves are measured at close source-receiver separations, while faster, refracted body 
waves are recorded at larger separations. When mounted on the SAPPA frame, the increasing 
depth of penetration of the SV-probe may produce a variable source signature that could 
cause problems for attenuation measurements. This is still under investigation. 
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Figure 7. Example three component data from Wittering 
beach trials: a) SH-waves; b) SV-waves. 
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Figure 8. Opposite polarity SH-waves (x-
components) recorded during the beach 
trials. 

CONCLUSIONS 
In its present configuration the SAPPA comprises a steel frame with two probes capable of 
penetrating 1 m into coarse sand or gravel. It is possible to measure P-wave velocity and 
attenuation as a function of depth with a vertical spatial resolution of a few centimetres in 
vertical, horizontal and oblique wave propagation directions. S-waves are recorded at the 
sediment-water interface using a three component geophone. SH-waves are generated using 
a novel system positioned on the seafloor, while SV-waves are generated through the 
impacting of one of the probes as it is driven into the sediment. The P-waves have a broad 
frequency content up to 8 kHz in water, the SH- and SV-waves have frequencies of about 
200 Hz in sediment. The P-wave system is still to be tested in sediment, but the SH-wave 
system in particular gives very good results. All systems generate sufficiently strong signals 
for measuring velocity and attenuation in coarse sands and gravels over distances of a few 
metres. 
The SAPPA must be deployed on a load-bearing, conducting cable at present which restricts 
it to certain vessels. Acoustic telemetry and an onboard data logger would enable it to 
operate from a wider range of ships. 
The aim is for SAPPA to provide a flexible and robust platform for sensor deployment 
according to the specific seafloor under investigation. Plans for the immediate future include 
the addition of a cone penetrometer for detailed stratigraphie information and shear strength. 
This will involve some modifications to the probe penetration system as a constant 
penetration rate is required. Other improvements could include the addition of a second 3D 
geophone so that S-wave attenuation can be measured. The ability to measure S-wave 
properties versus depth in a similar manner to the P-wave system would also be desirable. 
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THE BATHYMETRY ASSESSMENT SYSTEM 

G.J. WENSINK, G.H.F.M. HESSELMANS, C.J. CALKOEN 

ARGOSS 
P.O. Box 61, 8325 ZH Vollenhove, the Netherlands 

SUMMARY 

In the presence of current and wind, submerged topographic features of the sea bed 
produce contrasts in radar images. These contrasts can be quantitatively understood and 
modeled, based on hydrodynamics and electromagnetic scattering theory. A suite of models 
has been developed based on the generally accepted imaging mechanism, which consists of 
three steps: (1) surface current modulation by the bathymetry, (2) modulation of the (small) 
wave spectrum by wave-current interaction, and (3) radar backscattering by the sea surface. 
In order to invert this depth-radar backscatter relation, a data assimilation scheme has been 
developed. These numerical models have implemented, leading to the Bathymetry 
Assessment System (BAS). An example of an application in the Dutch coastal waters is 
presented. 

1. INTRODUCTION 

Bathymétrie data of shallow seas are of vital importance for shipping, fishery and all kinds of 
offshore activities as well as coastal management. Traditionally, depth information is collected 
from ships using (single or multi beam) echo sounders. Bathymétrie surveys are therefore time 
and cost consuming. Remote Sensing methods may improve the efficiency of bathymétrie 
surveys, since they give an instantaneous overview over large area's at relatively low costs. 

In 1969 de Loor c.s. discovered that under suitable conditions (moderate wind and strong tidal 
current) bottom topography is visible in radar images [De Loor and Brunsveld van Hulten, 
1978; De Loor, 1981]. This was a great surprise: the sea surface is an almost perfect 
conductor 'at radar frequencies and, as a consequence, the microwave radiation does not 
penetrate into the water column, but reflects from the surface only. In 1978 the SEASAT 
satellite was launched, carrying for the first time an imaging radar in space. The nice images of 
bottom structures in the Southern Bight of the North Sea and in the Nantucket Shoals at the 
eastern coast of America further demonstrated the potential of microwave techniques. 

The results of SEASAT aroused much interest in the phenomenon, both from the experimental 
and from the theoretical side. Alpers and Hennings [1984] came with the first model of the 
imaging mechanism. This model proved to be essentially correct, not only for bottom 
topography but also for other phenomena causing surface current variations like internal 
waves, fronts and ship wakes. It could also be applied to the optical window, especially when 
looking into the reflection of the sun on the sea surface. Surface expression of bathymetry can, 
under suitable conditions, even be observed with the naked eye, a fact known for centuries by 
sailors and fishermen. 
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The ERS-1, carrying a C-band Synthetic Aperture Radar (SAR), was launched succesfully in 
1991. It was followed by ERS-2 in 1995. Now radar images became available at a regular 
base. This motivated a number of studies, supported by the Netherlands Remote Sensing 
Board (BCRS) and the European Commission (EC), in which the various submodels in the 
imaging mechanism were improved and practical applications were considered. Given the 
depth of an area, the wind speed and its direction, and the tidal phase, it is now possible to 
predict quantitatively, with reasonable accuracy, how a radar image will look like. This is nice 
from a scientific point of view, but for practical use one would like to go the other way round: 
predict the depth given the radar image. This is not feasible by analytical inversion of the 
imaging model, due to its complexity. Therefore numerical techniques were developed to 
achieve this, leading to the Bathymetry Assessment System (BAS). BAS constructs a depth 
map from one or more radar images (and a reduced number of traditional echo soundings. The 
soundings are needed to adjust some model parameters which are not well known. They are 
also used as constraints to the depth map. One may view the BAS as an "intelligent 
interpolator" which interpolates between transects of echo soundings using the depth 
information in radar images. The accuracy of the resulting depth map depends, of course, on 
the distance between the transects. 

Figure 1 Bathymetry by imaging radar 

2. BATHYMETRY ASSESSMENT SYSTEM 

Under favourable meteorological and hydrodynamic conditions (moderate winds of 3 to 9 m/s 
and significant tidal currents of 0.5 m/s or more), air- or space borne Synthetic Aperture Radar 
(SAR) imagery shows features of the bottom topography of shallow seas (Alpers and 
Hennings 1984, Vogelzang et a l , 1989). 
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The imaging mechanism of mapping sea bottom topography by imaging radar consists of three 
stages (a more detailed mathematical formulation is given in Calkoen et al., 1993): 

(1) Interaction between (tidal) flow and bottom topography results in modulations in the 
(surface) flow velocity. This relation can be described by several models with an increasing 
level of complexity: continuity equation, shallow water equations, and the Navier Stokes 
equations. 

(2) Modulations in surface flow velocity cause variations in the surface wave spectrum. This is 
modelled with the help of the action balance equation, using a relaxation source term to 
simulate the restoring forces of wind input and wave breaking. 

(3) Variations in the surface wave spectrum cause modulations in the level of radar 
backscatter. To compute the backscatter variations a simple Bragg model can be used, but 
also available are two-scale and first iteration Kirchoff (Holliday) models. 

Based on the above three stage mechanisms, a suite of computer models has been developed 
and operationalized at ARGOSS. Models with different levels of complexity and physical 
detail are available for each step. These models describe the flows, waves and electromagnetic 
scatter and can be used for a quantitative analysis of radar imagery. 

This suite of computer models generate the radar backscatter given the bathymetry and the 
wind. In order to invert this depth-radar backscatter relation, a data assimilation scheme has 
been developed, minimizing the difference between the calculated and the measured radar 
backscatter by adjusting the bottom topography. 

simplified 
bathymetry 

model 

rt 
®-

traditional 
bathymetry 

.measurements^ 

ì' H - . 
data 

assimilation "0 

Figure 2 Bathymetry Assessment System 

The imaging model in BAS contains two-dimensional models. This means that the flow and 
the wave field need not be schematised as one-dimensional, in the same direction as the radar 
look direction. However, a fully two-dimensional data assimilation scheme for BAS is 
presently not yet available. At the moment two one-dimensional limits of BAS are available: 
one in which the main depth variations are supposed to lie perpendicular to the flow direction 
and one in which the depth variations are mainly parallel to the flow. These two limiting cases 
are called the sand wave system and the channel system, after their main application. The 
structure of this modular system is shown in figure 2. 
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3. ZEEGAT VAN AMELAND 

The Bathymetry Assessment System has been applied in the "Zeegat van Ameland" area, 
which is shown in figure 3. The purpose of the project is to assess the applicability of (the 
current version of) the BAS and assess its accuracy as a function of the distance between 
section lines. 

Figure 3 Map of the northern part of th e Netherlands showing the project area. 
The axes show the location in the "Rijksdriehoek" coordinate system. 

The area of interest, is a tidal inlet in between the Dutch islets Terschelling and Ameland in the 
Waddenzee, north of the Netherlands. The area measures 35 km by 25 km. The project area 
lies approximately between 5° 23 ' and 5° 5 5 Έ , and 53° 19' and 53° 33 ' N. 

The Bathymetry Assessment System requires, amongst others, SAR data and a limited numbei 
of sounding data. Most important are the SAR images from which the depth maps arc 
constructed. The limited number of ship's soundings are needed to calibrate model parameters 
in BAS. Other required in situ measurements are: the wind speed and direction, and the tidal 
phase from which the flow field and the water elevation is computed. In this study the 
following data sets were obtained: ERS-1 images, hydro-meteorological conditions, sounding 
data, positioning data. 

Figure 4 Sounding data of 1996. 
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Figure 5 ERS-1 SAR image of Zeegat van Ameland acquired at April 12, 1996 

The Bathymetry Assessment System uses an imaging model, which contains a flow, a wave 
and a radar backscatter model, to simulate a SAR image for a given first depth assessment. 
The simulated SAR image is compared with the measured images and the ship's measurements 
and observed differences arc used to adjust the first assessed depth map with the help of data 
assimilation techniques. Figure 6 shows the depth map of the test site produced with BAS. 

•0¡»í(H»V » 0 ( t » 

Figure 6 Bathymétrie map of the project area based on ERS SAR imagery 
and all soundings. The depth range is between -30 m and +5 m. 
Contour levels are drawn at 10 m interval. Depth is shown on a grey scale. 
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4. CONCLUSIONS 

• Results show that BAS constructs accurate depth maps from SAR imagery and a limited 

number of calibration tracks. 

• The system at the moment can only be operated successfully by specialists. 

• Survey efforts can be reduced with a factor 5. 

REFERENCES 

Alpers, W., and Hennings, I., A theory of the imaging mechanism of underwater bottom 

topography by real and synthetic aperture radar. Journal of Geophysical Research, C89, 

10529-10546, 1984. 

Calkoen, C.J., Wensink, G.J. and Hesselmans, G.H.F.M., ERS-1 SAR imagery to optimize the 

NOURTEC ship-based bathymétrie survey: feasibility study, Delft Hydraulics report H1875, 

November 1993. 

Calkoen, C.J., and Wensink, G.J., Use of ERS-1 SAR imagery to optimize ship-based 

bathymétrie surveys in theWaddenzee: feasibility study. Delft Hydraulics report H1985, 

December 1993. 

Hesselmans, G.H.F.M., SAR survey Zeegat van Ameland, ARGOSS, November 1996. 

Hesselmans, G.H.F.M., Update SAR survey Zeegat van Ameland, ARGOSS, December 199'. 

De Loor, G.P., and Brunsveld van Hultén, H.W., Microwave measurements over the North 

Sea. Boundary Layer Meteorology, 13, 113-131, 1978. 

De Loor, G.P., The observation of tidal patterns, currents and bathymetry with SLAR imagery 

of the sea. IEEE Journal of Oceanic Engineering, 6, 124-129, 1981. 

Vogelzang, J., Wensink, G.J. de Loor, G.P..Peters, H.C. Pouwels, H., and van Gein, W. Α., 

Sea bottom topography with X-bandSLAR, BCRS report BCRS-89-25, 1989. 

54 



UNDERWATER RAIL FACILITY 
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SUMMARY 

A description of an experimental facility designed to measure bottom 

reverberation and scattering from buried objects insonified by low-frequency 

broadband acoustic pulses, at various aspects and grazing angles. 

1. INTRODUCTION 

The high levels of acoustic attenuation characteristic of some ocean sediments complicate 

detection and classification of buried objects at conventional sonar frequencies. Recent 

research has focused on experimental broadband sonar, utilizing frequency bands that extend 

down to the order of 1 kHz. As acoustic attenuation is generally less at lower frequencies, 

acoustic detection of buried objects may be feasible. The broadband nature of the sonar gives 

a large relative bandwidth over which target classification information may be extracted. In 

this context, the bandwidth of the acoustic pulses used is in the ka range [1-15]. 

In this frequency range, one characteristic of target echoes which may provide classification 

clues is the so-called resonance scattering response, the characteristics of which are 

attributable to the target elastic properties. 

Furthermore, the physics of sub-critical sound bottom penetration (Maguer et al, 1998) and 

methods for reducing the bottom backscattering level (Fioravanti et al, 1996) are subjects for 

further study. 

Research in these fields involves a high level of modeling to develop data simulators and to 

interpret the phenomena under investigation. The models must also be validated by 

comparison with real data. 

As the designing and planning of experiments is a critical and complex task, inaccurate 

measurements and the influence of unknown quantities can invalidate the proposed 

( inclusions. Therefore, the accurate control on measurement is required. 

The attention is focused on: 
1 detailed resonance response, as well as the effect of full and partial burial on the 

magnitude of the target backscattered returns and, hence, on the target detectability as the 

grazing angle and the target aspect angle vary 
1 acquisition of backscattering data under known and controlled geometry in order to allow 

reproducibility 

' synthetic aperture experiments 

■ comparison of resonance scattering of the same target in free field, proud, or buried in 

sediment; features from resonance phenomena may be extracted as classification clues 
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2. EQUIPMENT DESCRIPTION 

Fig. 2.1 shows the underwater rail. The SIMRAD Topographic Sonar Parametric Array 
(TOPAS) is used as transmitter. The rail is equipped with a motor which allows accurate and 
reproducible displacement of the chassis along the rail. The TOPAS transmitter is mounted in 
a pan-and-tilt assembly with a MRU (Motion Reference Unit) so that arbitrary transmission 
directions can be accurately measured. 
As a receiver, a 1.4 m, 16-element array can be deployed either vertically, as in the picture, or 
horizontally close to the transducer. 

TOPAS TRANSDUCER 

TOPAS HYDROPHONE 

»- MRU 

6 ELEMENTS ARRAY 
PAN MOTOR 

SIDE PIVOT STABILIZERS 

SUPPORTING TRAVERSE 
( every 6m) 

TOPAS RAIL 

Fig. 2.1 The underwater rail structure 

THE UNDERWATER RAIL 
The rail system shown in Fig. 2.2 allows stable and repeatable acquisition of multiple aspect 
data of both proud and buried targets. The 24 m steel rail on the bottom and a mobile 
structure which traverses the rail supporting a tower (Fig. 2.2(b)) on which the sonar 
transmitter and receiver were mounted (Fig. 2.2(a)). 
The structure is lifted by air tanks attached to the tower, and moved along the rail using 
pneumatic motors and a chain drive. 
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The structure could move along the central 20 m of the rail's length. For the experiment the 
sonar was mounted 8 m from the sea bottom. 

TOPAS 
hydroph 

Pan 
and tilt 
motors 

TOPAS 
transd 

Receiving 
16-elem.s 

array 

Air tanks 
lifting 

(a) 

Liftable 
moving 
chassis 

8-m tall 
tower 

24m long 
rai 

Very fine and 
compact sandy 

sea bottom 

(b) 

Fig. 2.2 (a) The tower top with transmitter and receiver; 
(b) the rail, the liftable and moving trolley and the tower. 

THE SONAR 
The TOPAS generates a short single pulse by transmitting a weighted HF-burst at the primary 
frequency. The TOPAS transducer consists of 24 electronically controlled staves forming a 
beam in a chosen direction-(~ 40°). The primary frequency is 40 kHz, while the difference 
frequency goes from 1 kHz to 10 kHz. The transmitting source is of the order of 243 dB for 
tiie primary frequency. The source levels (Tesei et al, 1996) obtained at different frequencies 
varies from approximately 190 to 213 dB/lμΡα ref. 1 m (Table 2.1) using frequency from 1 to 
10 kHz. 

Pulse 

Ricker 10 kHz 
Ricker 8 kHz 
Ricker 5 kHz 

Beam Width 
HP/LF (-3 dB) 

2.175.5° 
2.275.5° 
2.275.5° 

band Width 
LF (-3 dB) 

6 kHz 
7 kHz 
6 kHz 

LFSL 
(dB/ΙμΡίϊ) 

208.6 
209.9 
212.4 

HFSL 
(dB/ΙμΡα) 

241.5 
242.3 
244.9 

Table 2.1 Source level measurements 

fhe beam pattern of the difference frequency has good directivity (almost the same as for the 
irimary frequency conventional sonar) with extremely low side-lobes (Fig. 2.3) 
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Fig. 2.3 Beam pattern for primary and secondary frequency 

The receiving system of the parametric sonar consists of 3 receiving hydrophones: primary 
frequency (40 kHz), difference frequency (called low frequency), harmonic frequencies (80 
kHz). 

THE RECEIVING ARRAY AND THE ACQUISITION SYSTEM 
The array consists of 16 spherical hydrophones spaced at 94 mm (corresponding to Λ/2 at S 
kHz). Each hydrophone consists of two hemispherical parts Ι"φ. 
A pre-amplifier was designed and associated with each hydrophone in order to reduce the 
intermodulation effect to the minimum. Phase response of this pre-amplifier is linear over the 
bandwidth of interest i.e., for 1 to 50 kHz. Fig. 2.4 shows how each hydrophone/pre-amplificr 
pair is configured in the array. 

94 mm (772 at 8 kHz) 

„ ..,. Hydrophone 
Pre-amplihcr J ' 

7 mm 

Fig. 2.4 Scheme of a segment (two elements) of the receiving array. 

The receiving system scheme for the array is shown in Fig. 2.5. The 16 hydrophones are set 
with variable gain (0, 20 and 40 dB) in order to adjust the dynamic range of the signal. 
All the hydrophones and associated pre-amplifiers are moulded into a polyurethane cylinder 
attached to the TOPAS tower close to the transmitter in a monostatic configuration. 
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Fig. 2.5 Diagram of the receiving system 

3 EXPERIMENTAL CONFIGURATIONS 

'! lie experiments address the following topics: 

« multiple aspect target detection and classification 

» sea bottom sound penetration at very low grazing angles 

" synthetic aperture sonar 

MULTIPLE ASPECT TARGET DETECTION AND CLASSIFICATION 

Detection and classification of objects lying proud on the sea bottom by sonar imaging 

systems are severely limited in effectively detecting buried targets due to absorption of high­

fr .quency sound by bottom sediment. 

The Centre has investigated a number of alternative approaches including the use of 

parametric sonar in the frequency range [2,12 kHz]. In this frequency range, one characteristic 

of target echoes which may provide classification clues is the so­called resonance scattering 

n ponse, the characteristics of which are caused by the target elastic properties. This response 

i: strongly aspect dependent. Therefore, a precise control and reproducibility is necessary to 

validate theoretical achievements with experimental data. 

An experiment in which the targets were suspended in mid water (i.e., under approximately 

free field conditions) was performed in 1996(Fox et al, 1996). In this case, the objects were 

rotating on their axes of symmetry to obtain multiple aspect data. However, when dealing 

vs ith proud or buried targets this is no longer possible. 

The rail offers a solution to these requirements. 

SEA BOTTOM SOUND PENETRATION AT VERY LOW GRAZING ANGLES 

A severe limitation of sonar systems for buried object detection and classification, especially 

in shallow water, is the coverage rate. This is limited by the fact that such systems must 

operate with grazing angles above the critical, after which, theoretically, no penetration 

occurs. 

The centre is designing a sonar system able to work at very low grazing angles (well beyond 

the critical angle). This system will allow larger areas of coverage than traditional systems 

using normal incidence or swath survey approaches. 

Three mechanisms have been identified which contribute to an explanation of sub­critical 

sound penetration into sediment and quantification of the results for sonar detection 

performance prediction: 

(a) a Biot slow wave in the sediment (Chotiros, 1995); 

(b) surface roughness (Thorsos et al, 1997); 
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(c) scattering of the evanescent wave by volume inhomogeneities within the sediment 
(Schmidt et al, 1997); 

In situ acoustic measurements were performed on a sandy bottom the geoacoustic properties 
of which were carefully identified. A parametric array mounted on a tower traversing a rail 
was used to insonify hydrophones located above and below the sediment interface. An 
extensive data set covering most grazing angles (including both above and below critical 
angles) and frequencies (2-50 kHz) was acquired. 

TOP VIEW 
Acoustic center 

of TOPAS 2 4 0 0 m 

/ / r 

0 5 10 

Rail 

15 20 

10.00 m 

14-Hydr 
Arr 

A' 

SIDE VIEW 

Q. 
Q 
JS-10 

-15 

16-element array Sea surface 

TOPAS α = Inclination of tower 
β = Bottom slope ( 4 deg) 

Grazing Angle 

-Hydrophone Array 

Sea floor 

0 5 10 15 20 25 30 35 40 
Distance from rail start (m) 

Fig. 3.1 Multiple grazing angle configuration 

Fig. 3.1 shows the experimental configuration. A 3D array of 14 hydrophones was buried into 
the sediment. The two and three hydrophone arrays were insonified as the tower traversed the 
rail. The array allows the identification of the different waves travelling into the seabed. 

SIDE-SCAN SYNTHETIC APERTURE SONAR 
The interest in resolution to reduce the reverberation level in low frequency systems and to 
increase classification performance of imaging sonar has focused attention on research into 
synthetic aperture techniques. 
The underwater rail offers a unique opportunity to obtain experimental data for comparison 
with models. In side-scan mode, the sonar, mounted on the tower can ping on the target field 
while the rail is moving to obtain a data set for synthetic aperture processing. 
The tower traverses the rail at constant speed. The stability of the system is sufficiently 
accurate for low frequency sonar (less than 10kHz). At higher frequencies, the tower may be 
used to test autofocusing algorithms against ground truth. 
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Fig. 3.2 Example of synthetic aperture data (envelope and time series) 

Fis. 3.2 shows an example of synthetic aperture data acquired with a different rail structure 
(Fioravanti et al, 1996). The insonified object was a proud 1 m-diameter sphere at a range of 
-Id m. The synthetic array can be directly beamformed to give the image in Fig. 3.3. 

40 45 

Fig. 3.3 Beamformed image 

The result shows a significant improvement in the resolution and in the signal to 
reverberation ratio, as theoretically predicted. 

4. THE ELBA EXPERIMENT 

The experiments occurred over two periods in mid-1997 (Fox et al, 1998): Phase I took place 
between 14 and 30 April, and Phase II took place between 11 and 24 June. 

EXPERIMENT SET-UP 

Fis. 4.1 and 

Fig. 4.2 show the trial geometry. The rail was located at around 40 m 18 m and from the 
target. As the target position was at one extreme of the rail, the maximum variability of 
aspect angles was 53.0° when the rail was 40 m from the cylinder; 48.0° at most if the rail was 
1 !' from the target. 
The grazing angle of transmission direction with the sea bed was 12° if the rail was at 40 m, 
-~' at 18 m. In both cases it was lower than the fine sand critical angle (-26^-28°). 
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Sea surface 

Sea bottom 
(fine sand) 

Fig. 4.1 The trial geometry section. 

One hydrophone 
on each end 

-0.8 m /-N 

Buried target 

Buried 
hydrophones 

A 20 m Π 

24 m 

0m 

Rail 

Water-filled 
steel cylinder 

1 

TOPAS on 
Its trellis 

»I») . 
r = 40 or 18 m 

20 m 

Fig. 4.2 The trial geometry plan. 

From the on-line displaying and pre-processing of data, the first measurements with the rail at 
40 m from the target appeared to have very low Signal to Reverberation Ratio. For this 
reason, the rail was moved to a distance of 18 m from the target. In such a configuration the 
sonar worked under limited conditions as the parametric effect of generation of a low-
frequency narrow beam could not be ensured at lower ranges, as the maximum tower height 
was 8 m. 
The array was oriented vertically in order to be able to cancel the return from the surface 
through beamforming. 
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Fig. 4.3 The cylindrical target 

The sea-water-filled, thin-walled cylinder with flat end-caps (Fig. 4.4(a)) used in the first 
SACLANTCEN trial in the free field was employed as a buried target by divers, with a 
vacuum-maker during the trial Phase I (Fig. 4.4(b). 
The cylinder was left on the site from the end of April to the middle of June in order to allow 
sediments moved during burial to recover to a natural state. 
When the site was visited in June, the sea bottom was vitually indistringuishable from the 
surrounding area, with sand ripple peaks 2-3 cm high. 

cJ Λ Ϊ Α Ι , ' ^ Α ^ ^ ^ Ι 
(a) (b) (c) 

Fig. 4.4 (a) The water-filled cylindrical target proud on the sea bottom; 
(b) the sea bed over the target as left by divers after burying; 

(c) the same bottom area two months later. 

ENVIRONMENTAL MEASURES 
The trial location was in the Golfo della Biodola off the Island of Elba, approximately (Fox et 
cu. 1998), 42°48'N and approximately 10° 15Έ. The water depth was approximately 10 m 
400 m from the beach, with a 2.5% slope toward the beach. 
Sound speed measurements of the water column showed nearly uniform conditions. As an 
example, Fig. 4.5 plots the measurements of sound speed on June 21 during the experiments. 
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Fig. 4.5 Water sound speed profile - CTD measurements. 

A geophysical analysis of the sea bottom at the experimental site showed a mostly 
homogeneous layer of fine sand 1.8~m thick overlying stratified, mixed layers of sand, silt. 
and gravel, giving way to bedrock. 
Sediment core properties of the upper 30~cm of sand are summarized in Table 4.1. Note that 
the mean grain size is reported in φ units, where <p=-\og2d 
and d is the mean grain size in mm. 

Property 
Mean Grain Size φ 
Porosity (%) 
Density [g/cnv ] 
Compressional sound speed (m/s) 

Corel 
2.3 
44.6 
1.92 
1723 

Core 2 
2.4 
43.6 
1.94 
1734 

Table 4.1 Mean measured values for sediment cores taken in experimental area. 

Although the site was selected for the experiment with regard to optimum the water depth, 
bottom and weather conditions, winds to 30~knots and high incoming swell created 
dangerous conditions for deployment and recovery of the experimental equipment and 
therefore the available time for data collection was significantly reduced. 

5. PRELIMINARY RESULTS 

MULTIPLE ASPECT TARGET DETECTION AND CLASSIFICATION 
Multiple aspect data were recorded for proud and buried cylinders. In the former case, we 
were able to acquire back-scattering signals with a high signal to reverberation ratio (SRR). 
Fig. 5.1 shows that the backscattered response varies with the aspect angle of the cylindrical 
target. The signals exhibits changes in the specular part of the echo and in the resonant area. 
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Target response as the aspect varies 
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Fig. 5.1 multiple aspect back­scattered data from a cylindrical target 

Time response of the BURIED WF shell to R5; rail position=15.02 
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Fig. 5.2 Temporal target response to a Ricker­5kHz pulse. 

With buried targets, due to the bottom absorption and to the low grazing angle, the SRR was 

significantly reduced. As an example, the response of the buried water­filled cylindrical shell 

to a 5 kHz Ricker pulse is shown when the sonar was at the rail position 15.02 m and the rail 
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was at a range of 18 m. It is clear from the trial geometry that the selected position 

corresponds to a target aspect angle of 14.93°. Fig. 5.2 shows an overview of the response as 

acquired separately by each array element. 

Zoom of beamformed response. Time domain 
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Fig. 5.3 Beamformed average response zoomed around the expected time of arrival of the 

first target echo. 

In order to improve data quality and cancel reflections from the sea surface, beamforming is 

applied to data received by the linear array. 

The time series of the averaged beamformed target response on 52 pings is presented in Fig. 

5.3. The maximum peak of the response is measured around 29 ms, which we can assume is 

scattered by the target. 

Preliminary analysis of the beamformed data presented in Fig. 5.3, gives the computed Signal 

to Reverberation Ratio (SRR) as approximately 2 dB. Hence, not only the extraction of 

features suitable for classification purposes but also the target detection may be difficult to 

achieve. 

The poor signal to reverberation signals recorded may be.attributed to: 

target burial depth 

grazing angle 

sediment type 

DETECTION OF BURIED TARGETS WITH DIFFERENT GRAZING ANGLES 

In this configuration, the rail was perpendicular to the cylinder. The cylinder was flush buried. 

Different grazing angles were obtained by moving the tower along the rail: around 20 degrees 

when the tower was furthest from the target; up to 30.5 when close. 

The data obtained above the critical angle may also provide data with high enough SRR for 

validation of buried object scattering models. 
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Fig. 5.4 Variation of target backscattering as a function of grazing angle 

Fig. 5.4 shows the variation of the target backscattering signals as a function of the grazing 

angle. The arrows indicate the estimated time of arrival of the cylinder echo computed using 

the one way signal received on the buried hydrophones. 

( CONCLUSIONS AND FUTURE WORKS 

A new system, using an underwater rail with a mobile, variable-height tower supporting the 

sonar was tested successfully during the sea trials described in this paper. The main 

advantages are accurate control of the trial geometry, trial reconfiguration and repeatability, 

and measurement stability. Measurements of bottom reverberation and target scattering could 

be obtained at multiple target aspects and various grazing angles even when the objects are 

embedded into the bottom sediments. 
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SEAFLOOR CHARACTERIZATION USING MULTIBEAM ECHO 
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BP70 - 29280 PLOUZANE, France 

Abstract - Modern multibeam echosounders (MBES in the following) provide high precision 
bathymetry data, together with sonar images representing the seafloor fine structure. Due to 
their capability of quick surveying and mapping of large areas, they provide a unique tool 
for the surficial seafloor characterization, since various acoustical features may then be 
associated with extended areas. We present here a methodology derived from our recent 
works in the field of multibeam data processing for seafloor characterization. Three major 
steps are to be considered. A preliminary data checking and preprocessing is intended to 
eliminate asfar as possible all the MBES artefacts. Then the sonar image of the studied zone 
can be segmented into homogeneous regions according to acoustical criteria. Finally the 
characteristic features of the seafloor are to be used for a characterisation, or at least a 
classification of the seafloor geological features. These various points are presented 
together with application results and discussions. 

1 INTRODUCTION 

Geologists use a large range of acoustical tools to investigate the sea floor nature from 
océanographie vessels. Low-frequency devices (from seismic to subbottom profilers) provide 
seabottom cross sections with a vertical resolution ranging from 3 m to 50 cm. In a higher 
frequency range, imaging systems provide acoustical images of the sea floor. Classical side 
scan sonars only give high-resolution reflectivity information whereas data from the more 
recent multibeam echo sounders contain both bathymetry and reflectivity. The various MBES 
available nowadays have the great advantage of providing very quickly a coverage of large 
areas. Moreover, in the case of the deep water MBES, due to their relatively large 
wavelength, the observed backscattering strength (BS in the following) features volumic 
effects and, consequently, the image contains some information about the vertical structure of 
the surficial seafloor layers. 

The classical geological means of investigations (cores or in-situ measurements) are 
nevertheless always of paramount importance in the process of seafloor characterization; 
these measurements and samples are finally the only way to have access to geoacoustical 
parameters such as sound speed, porosity etc... This is a point one should always keep in 
mind. Consequently, comparisons between acoustical levels and ground-truth results have to 
be systematically conducted , together with adequate modeling. 
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The segmentation of sonar images into homogeneous zones is very helpful in the 
process of seafloor characterization on an extended region. Once segmented, the acoustic 
imagery appears to be more readable, with smoothing effects and connections between 
homogeneous acoustical areas; moreover, this procedure produces a mosaic whose 
parameters are objective because having been rid, as far as possible, of artefacts brought b y 
bathymetry and sensor imperfections. So, it makes the comparison between different zones or 
different tools (geophysical data or ground truth data) easier for the geologist. However, a lot 
of precautions must be taken to avoid an oversimplification of the so-obtained areas : the 
learning zones must be drawn accurately, relying on an expert geological advice, and taken 
numerous enough to be representative of the geological variety, even if some of them may be 
merged during the segmentation process. 

Seafloor characterization can be led following two major approaches: quantitative 
estimation of objective parameters, or direct global comparison. The first one aims ; t 
extracting some discriminating features, for a given sea floor type, from the acoustical signai. 
Once validated for one type of MBES, this method can be applied everywhere and it might 
allow an inversion of the acoustical data back to geophysical parameters, provided that 
relations are available from modeling or laboratory experiments; this last point requires ont -
to-one relations between acoustical and geophysical properties. In the case of low-frequency 
MBES because of the volumic effects, the geoacoustical modeling includes too man·,' 
parameters to use this kind of process. In that case, the characterization can be achieved by 
direct comparison between ground-truth results and features extracted from acoustical 
measurements. This approach has to rely upon training phases on selected zones, which 
inevitably limit the generality of its application; on the other hand, it may allow to deal with 
more global physical descriptors, which facilitate the geologist's interpretation. 

The works presented here deal with three aspects of multibeam echosounder dala 
processing. One has to make sure that the data quality is sufficient for their correct 
exploitation in a process of seafloor characterization ; this check concerns the imagery data, 
which is associated with the finest details. A preliminary data cleaning and preprocessing is 
then to be applied, intended to eliminate as far as possible all the MBES artefacts. This 
constitutes the first part of the paper. Then the image segmentation principle is exposed; its 
particularity is that it relies on a sufficient knowledge of the involved physics. It is shown that 
high frequency sonars provide a high-fidelity representation of the sea-floor interface 
roughness which may be used to complement the set of usable physical features. Finally a 
geologist interpretation of one MBES image is presented, with emphasis on the ambiguities 
arising between acoustical level and physical ground-truth, and the answers that can be 
brought by an adequate modeling. 

These various aspects will be illustrated by actual experimental results, mainly coming 
from the raw data set presented in fig. 1 ; this sonar image was recorded by a low-frequency 
MBES on a deep-sea zone [1]. 
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rT'g.7. Low frequency (13 kHz) sonar image of the Celtic Fan: raw data presented here are 
affected with physical effects (specular reflection insufficiently compensated) and 

echosounder artefacts (gain control, array directivity) 

2. PRELIMINARY DATA PROCESSING 

Due to the fact that acoustical analysis of the seafloor essentially relies upon signal 
amplitude exploitation (average levels and fluctuation statistics), one has in any case to 
make sure of the validity of the levels provided by the echosounder and to eliminate 
artefacts, in order to go securely upstream back to the original physical data. The actual 
precise characteristics (level, sensitivity, directivity patterns) of a MBES installed aboard a 
vessel are practically impossible to obtain ; hence a partial sonar image, recorded on a flat 
homogeneous zone, and the corresponding average amplitude versus the emission angle, may 
be used to identify the main artefacts. Consider the example presented in Fig.2, obtained with 
a high-frequency MBES (95 kHz) on a shallow-water zone. First of all, grey tone contrasts 
appear for shallow grazing angles, presumably deriving from uneven electronic gains and 
array sensitivity at the signal emission and reception. Secondly, strong fluctuations appear 
with amplitudes increasing as the angle tends to zero, creating alongtrack artificial lines in 
the sonar image. These stable oscillations correspond to uncompensated directivity diagrams 
of the reception beams. Finally the low backscattered level measured in the specular region 
(dash curve on fig.3) is suspicious, since the physics predict an energy peak. To understand 
this last phenomenon one has to detail the normalisation procedure (the Time Varying Gain 
law) implemented in the echosounder, especially the footprint area compensation. 
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Fig. 2 : Partial sonar image recorded on a flat homogeneous seabed with a high­

frequency MBES, highlighting the array directivity pattern effects 

Confronting [2] the theoretical and the sounder­implemented "sonar equation" 

(linking the measured echo amplitude, the emitted level, the transmission losses, the varions 

array and processing gains, and the target size and backscattering strength), a bias between 

the estimated BS and its actual physical value is searched for. Here this bias is expected to 

depend mainly upon the array directivity diagram. Since the antenna directivity 

measurement may be not available, this directivity effect is identified from training on o;ie 

(and preferably several) flat and homogeneous zone, and compare the obtained respon e 

with a reference backscattering model. Also the footprint size and propagation losses may be 

not precisely computed and compensated by the sounder; the next step of the correction 

procedure is to account for the insonified area difference in order to retrieve bettered actual 

backscattered levels, especially around the vertical in the specular zone where the physics 

become quite complex. The Lambert's law correction classically applied in the receiver has 

also to be restored if one wishes to obtain a physical evolution of BS for shallow grazing 

angles. 

Results of such a correction procedure are depicted on Fig.3. The level oscillations 

with angle have nearly disappeared at oblique incidences and have been quite smoothed in 

the vertical zone. In addition, the backscattering strength became symmetrical and closer to 

its expected theoretical evolution. 

The processing steps described above have two major applications. At first, they are 

an obligation for anyone wanting to exploit quantitatively the backscattered levels, whatever 

the approach. But they can also be used, more readily, to correct the original sonar image, 

and hence to propose to the user a classical sonar image completely rid of the various 

artefacts. Such an example is presented on fig.4: the raw data have been corrected for the 

MBES directivity effect, and the specular effect has been compensated, 
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F/g. 3 .' Backscattering level vs. emission angle before (dash) and after (full) artefact 

compensation. 

3. SONAR IMAGE SEGMENTATION 

The purpose of the method (presented in details in recent publications, see e.g. [3]), is 

to provide automatically a partition of a sonar image into homogeneous zones according to 

acoustical (and hopefully geological) descriptors. As a first step, this partition is realized 

according to the backscattering strength as a function of incident angle, since this physical 

feature (dependent on sediment roughness, impedance and inhomogeneity) is expected to be 

a good classifier of the sea­floor type. Also it was found from studies [4] on signal amplitude 

statistics from a low­frequency (13 kHz) system that the mean backscattered intensity was the 

only practically usable feature. It was also verified a posteriori that the averaged BS as a 

function of angle j s really characteristical of the seafloor type, and that effective classifying 

potentialities are to be expected from such an approach despite ambiguities raising from 

intricate physical configurations. The problem is that the backscattering strength is not 

directly exploitable from the raw sonar image, since a number of undesirable effects perturb 

its estimation. 

First BS considerably varies with incident angle, in particular near normal incidence 

(refered to as specular effect in the following), and at shallow grazing angles. These 

variations, clearly apparent on raw sonar images, preclude a direct segmentation, and have to 

be accounted for in the image processing. Their precise estimation implies to be able to first 

estimate the actual incident raypath angle on the seafloor, acounting for its refraction down 

the water column, and the local seafloor slope; this can be done only after a full processing of 

the bathymetry data. Also, the BS estimation may be biased by the echosounder 

characteristics such as processing gains and array directivity patterns. These have to be 

carefully checked and calibrated in order to be fully compensated, as explained above. 
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Fig. 4 - Sonar image of Fig. 1 corrected of echosounder array directivity and specular effect 

Once the tools for a correct BS estimation have been precised and developed, the 
objective is then to segment the sonar image according to a small number of representative 
angular BS variation laws. This is obtained by first delimiting, inside the sonar image, a small 
number of homogeneous zones expected to be representative of the geological variety over 
the studied zone. This task is performed by an experienced geologist, from the sonar image 
cleaned as far as possible from various artefacts such as directivity diagram modulations. 

The segmentation process may then begin. At first, for every pixel in the image, the 
BS value together with the corresponding incident angle is compared to the whole set of 
reference BS laws; the shortest statistical distance is searched for, accounting for tue 
mathematical modeling, namely the amplitude statistical distribution. This first result is then 
submitted to successive iterations of a régularisation function whose purpose is to enhance 
the influence of the neighbours on the affectation decision for every pixel. This processing is 
rigorously contraled by a strict application of Markov's field theory, which is considered as a 
convenient theoretical frame for such a problem [4]. After a few iterations, the process 
converges towards a stable segmented representation: the obtained zones then correspond to 
acoustically homogeneous areas, compensating the angle effects due to sea floor slopes and 
BS. 

When high resolution MBES are involved, the statistical and spectral features of the 
echo signals should be considered in order to improve image segmentation algorithms and to 
provide new useful criteria for seafloor characterization. The classical reverberation theory, 
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associated with Rayleigh statistics and untextured sonar images, has to be adapted to account 
for smaller insonified areas which succeed in describing small scale seafloor roughness. 

If high resolution MBES operate on rocky or geologically disturbed zones, the 
seafloor microstuctures induce textural patterns on the corresponding sonar image. Then, the 
single point statistics exhibit a strong distribution tail on the received energy histogram as 
depicted on Figure 5. The Rayleigh law fails in describing this spiky distribution and should 
be generalized by the use of a K-law distribution [5]. In addition to a good experimental data 
fitting, the K-law distribution is advantageously linked to a non-Gaussian reverberation 
theory. This theoretical background allows to predict the statistics evolution with the sounder 
characteristics (insonified area) on one hand, and, on the other hand, the processing 
particularities (sampling level, data averaging,...) could then be more efficiently designed. 

SWelrai F i ln j on a K-ian 
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Fig. 5 : Statistical law fitting of the backscattered amplitude f rom a rocky seabed area 
(image left) with a K-law distribution (right) 

In the same way as the classical backscattered level descriptor, the amplitude 
distribution shape could, firstly, offer a new powerful feature to discriminate seafloor 
acoustical behaviours. Nevertheless, such statistical features should not be exploited without 
involving the sounder geometry influence. In a second step, this statistical behavior could 
also be used in order to improve the segmentation algorithm efficiency, by changing the 
classical Rayleigh law into a K-law description. 

4. SEAFLOOR CHARACTERISATION 

4.1. A case study of image interpretation 

The sonar image presented in Fig.l was acquired during the SEDIFAN 1 cruise 
(ENAM II project) aboard RV LAtalante in June 1997, using a low-frequency EM 12 
echosounder. A very important deep sea fan (more than 17000 km2) can be observed, named 
the Celtic Fan in [1], Situated down the continental marge at the western end of the English 
Channel, this fan begins by a channel in continuity with the Whittard Canyon, boarded 
South by a huge sediment wave field, and North by a small sediment wave field and by the 
distal part of the fan incoming from Shamrock Canyon (Fig.6). The Whittard Canyon drains 
most of the turbidity currents incoming from the marge. 
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Whittard Canyon 
Low reflectivity distal fan 

. (Shanirok Canyon) 

Fig.6 - Main structure interpretation of the Celtic Fan sediment system 

The Celtic Fan stricto sensu features a few channels spread on a 140 degré s 
aperture, ended by distal lobes of large extent. Some of these channels are very impressive 
by their size and their well-marked morphology, with a distal part characterised by a very 
low reflectivity (white areas on Figure 1). We assume that those low reflectivity lobes 
correspond to the most recent depositional systems. Indeed, they appear to be the best 
delineated and, more important, they seem to be connected with the canyon ; while on the 
other hand, distal fans (East part of the imagery) are not connected and are more reflective. 

The low reflectivity phenomena appears to be symptomatic of such a deposit model. 
We observed a similar case in the Ligurian Sea in the distal part of the Var lobe [6] Ground 
truth cruise ESSAM 2 on this low-reflectivity zone showed the presence of thick sand banks 
overlayed by only 10 to 20 centimetres of mud. Therefore the average BS (lateral value 
corrected of the Lambert's law for angle variation) should be at least - 30 dB/m2; hence the 
average measured value (-35 dB/m2) appears then to be quite too low for such a sandy 
environment. In the Celtic Fan, a Kullenberg core reports the presence of a one meter sand 
bank overlayed by 30 to 50 cm of surficial mud (estimated from the 3.5 kHz "subbottom 
profiler) ; the measured BS (-37 dB/m2) is there even lower than in the Var fan. Studies are 
currently being conducted to link these low reflectivity facies with recent mass deposit 
consequenses. In particular, the settlement of mud layers underlying the new sand deposits 
may produce a weak water flow upwards. Therefore the water may be trapped by the actual 
surficial mud layer or may produce an excess pore pressure in the same surficial mud layer. 
Most certainly such phenomena will strongly affect the sound wave backscattering. 

Fig.7 presents the results of the segmentation of the sonar image from fig.4. Five 
training zones were defined, corresponding to two facies from the low-reflectivity area, two 
other sandy facies from the rest of the fan, and one rock outcrops area. The final result offers 
quite a satisfactory partition of the zone into these five facies. 'Slight shortcomings may be 
observed along the specular tracks, as was already the case for the corrected image (fig.4), or 
in the N.E. zone, where the quality of the data is poorer due to bad weather conditions. 
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Fig.7 - Segmentation of the Celtic Fan sonar image into five fades 

4.2. Geoaconstic modeling 

The interpretation of the MBES images is based on the relations between average 
level of backscattered signal on one hand and geological structure of the seafloor on the other 
hand. A first approach of this problem is to associate low reflectivity levels with soft and flat 
se.ifloors and high reflectivity with hard and rough ones. But a lot of studied areas display 
critical or false examples of this reading [7]. Consequently, an empirical approach is 
prohibited in the view of seafloor characterisation and a good knowledge of the physical 
phenomenon of acoustical backscattering by the sea bottom is essential. 

The BS classical model features two components: one for the rough water/sediment 
in erface and one for the volumic inhomogeneities (see e.g. [8] or [9]). Practically, it is often 
difficult to separate the influences of these two contributions. Furthermore, most models are 
based on the assumption of a semi-infinite fluid seafloor. From a geologist's point of view, 
this hypothesis is very strong : on a decimetre scale, the seafloor is actually often stratified, 
with important impedance contrast between different layers. So, when the wavelength 
becomes decimetric (for cases of deep-sea water MBES), the penetration of the acoustical 
energy is no more negligible and the stratification of the seafloor must be taken into account. 

We developed a model of acoustical backscattering by layered media based on the 
concept of "equivalent input backscattering strength" [10]. The seafloor modeled here is 
composed by a finite numbers of layers covering a basement (in the acoustical sense this 
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number is related to the effective penetration depth and not to the actual geological layering). 
Each layer contributes to the backscattered signal via a single backscattering strength, 
defined for a semi-infinite layer covered by water, and featuring two components (e.g. [8] for 
the interface contribution and a small perturbation model for the volume). The total 
backscattering strength of the structure is then the sum of all the individual layer 
contributions, modified by the layering and weighted by a transfer coefficient. There are three 
phenomena involved in this BS: a refraction effect due to change in sound speed from a layer 
to another ; a change in impedance contrast which implies a modification of the reflexion and 
transmission coefficients ; and a limitation of the layer volume. The transfer coefficient is 
computed by the way of classical transmission and reflexion coefficients in layered media 
[11]. This calculation can provide angular oscillations (due to interferences) which may be 
observed experimentally [12]. This BS model for layered media can fit experimental curves 
with a good agreement [10]. Especially, it can model a lot of geologist's hypothesis or 
observations, such as interferences, lowering of signal level with increasing of sediment layer 
thickness, etc... (see fig.8). On the other hand, this model features a high numbers )f 
parameters (some of them being completly out of reach, e.g. the statistics of buried rourh 
interfaces). So, it can provide a good accordance between theory and experiments for various 
geaoacoustic configurations. 
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Fig.8 - Example of modeling results for backscattering from a layered seabed: structure and 
parameters of the model (left), and computed BS vs angle (right) for basement alone, for 

water-sediment interface, and for various sediment layer thicknesses 

A way to improve this modeling is by a better knowledge of the geoacoustical 
parameters of the seafloor. This can be done from in-situ measurements [6] or by the use of 
geoacoustic models. One of these is the Biot theory [13] which describes the propagation of 
sound in porous media; it predicts speed and attenuation of three sound waves (two 
compressional and one shear) from a set of physical parameters; unfortunately these are quite 
numerous, and some of them are really difficult to estimate. We are currently trying to 
measure in laboratory some of these parameters for sandy sediments, in order to better 
characterise propagation of sound in this kind of seafloor. 
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5. CONCLUSIONS 

Multibeam echosounders used nowadays prove to provide a very significant progress 
in the field of seafloor characterization, especially when used in conjunction with other 
seafloor survey systems such as sidescan sonars, sediment profilers and high resolution 
seismics. Their main potentiality lies of course in their ability to provide coherent bathymetry 
and imagery data on large zones, although they are usually less performant, on the second 
point, than side-scan sonars. Exploiting their data for sea floor characterisation implies, as it 
has been shown above, a series of indispensable processing that have to be rigorously 
conducted. Besides a correct application of the preliminary processing, a point of highest 
importance for a successful segmentation and interpretation of a MBES sonar image is the 
careful and relevant selection of the training zones, an operation that has to be conducted by a 
geology specialist. One cannot over-emphasize the importance of complementing, at this 
level of the processing, the geologist's expertize with (1) a thorough understanding of the 
MBES characteristics (and, as a corollary, the possible development of specific preprocessing 
algorithms) and (2) a sufficient mastering of the involved physics, namely basckscattering 
and propagation. 

Although artefacts of bathymétrie measurements are usually correctly addressed, we 
feel that today's MBES do not provide sufficient guaranties about the actual acoustical level 
measurements ; an imaging MBES should nowadays be considered as a scientific instrument 
for backscattering strength measurements, and developed in this respect. Confident that next 
generations of multibeam systems will remedy this, we had, in the meanwhile, to develop our 
own post-processing chains in order to compensate directivity effects and receiver processing 
gains. 

A lot of work still remains to be done in the field of sea floor characterisation from MBES 
acoustical data. While direct modeling of sediment backscattering phenomena may be quite 
successful, the inverse problem of seafloor parameter estimation is made difficult by the non-
unicity of relations between geological and acoustical features, leading to determination 
ambiguities. This problem is especially penalizing for low frequency MBES (around 10 kHz), 
whose poor resolution, on the other hand, precludes the exploitation of signal characteristics 
bound to the interface smaller features ; on the contrary MBES working above 100 kHz 
provide signals from the surficial interface, whoses amplitude statistics and spectra may be 
usefully exploited. Semi-automatized identification processings seem today possible for the 
latter. On the contrary the issues raised by deep-water low-frequency MBES are too 
numerous and do not allow such a potentiality ; the roles devoted, in this case, to multisensor 
data analysis and to geologist's expertise, in complement of the MBES data exploitation, are 
then prevalent. The use of acoustical devices is necessary for a good understanding of 
geological areas; but whatever the approach retained for applying it to seabed 
characterisation, it can not substitute for ground-truthing. The two approaches are indeed 
complementary and indissociable. 
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Abstract 
During the last twenty years, many multibeam bathymétrie sonars have 

been produced. The instrumentation is usually accompanied by a system to 
produce a seafloor map using the sonar data. There are also several public 
domain systems, which can be used to obtain a map from the data. The re­
sulting gridded map must be filtered to reproduce the seafloor surface because 
of the effect of noise in the bathymétrie data. The gridding and filtering al­
gorithms introduce a source of error. Moreover, gridded maps may require 
significant storage space for a small amount of information. Until now, a sys­
tematic and efficient solution to the problem of identification and elimination 
of wrong data (outliers) has not been available. We present here an algorithm 
to fit bathymétrie data and to automatically deal with outliers. The most im­
portant characteristics of the algorithm are: production of a triangulated map 
of uniform accuracy, irrespective of seafloor features, a map resolution which 
depends on the local data noise amplitude, automatic elimination of outliers, 
intrinsic modularity of the program that can be easily divided for a multi­
processor environment and low computing cost even on large data files. The 
algorithm was applied to synthetic data with and without outliers to demon­
strate its behavior when parameters are changed. The algorithm has also been 
tested on real data. Some tests were also performed on the triangulation engine 
behavior, algorithm implementation speed and fitting errors. 

1 Introduction 

1.1 Background 
As a consequence of increasing marine exploitation and exploration there is a need 
for accurate high resolution bathymétrie data. To collect these data a number of 
sophisticated multibeam sonar has been produced for shallow and deep water (de 
Moustier 1988, Mitchell 1996). The data produced need to be corrected for systematic 
measurement errors and elaborated to produce an accurate Digital Terrain Model 
(DTM). The purpose of the algorithm presented here is to create an accurate map 
from multibeam bathymétrie data. High-resolution bathymétrie maps are important 
in a number of different applications (Vogt and Tucholke 1986): 
• fish habitats identification (Lehodey and Grandperrin 1996). 
• accurate geological map (e.g. for petroleum prospecting and study of morphology 

and morphological transformations of rifting or break-up of continental shelf Exon 
et al. 1996, Pratson and Edwards 1996). 

'This work has been partially supported by EU, under the MAST-III initiative, project "ISACS", 
contract no. MAS3-CT93-0046. 

.S3 



• pipelaying operations (for petroleum, gas, etc.): charts for oil companies are typ­
ically produced at 1:2,500 scale with 1 in contour line interval (Midthassel et al. 
19S8). 

• changes to harbour entrances, dock sites or dredged channels to effectively cope 
with large ship navigation (Burke et al. 1988). 

1.2 Prob lem 
Data for seabed mapping from multibeam echosounders consists of latitude, longitude 
and depth of a set of seafloor points. Even when acquired in near perfect conditions, 
the data are affected by nearly white noise due to uncertainty in the determination of 
the seafloor depth (Midthassel et al. 1988). A number of other systematic errors are 
added to the data points: roll, pitch, yaw and heave error, sound velocity variation in 
the water column, tide, GPS errors, etc. The latest multibeam sonar automatically 
compensates for these errors2 (Bourillet et al. 1996, Miller et al. n.d.). Residual errors 
after compensation, considered as white noise, can be optimally treated using a Least 
Squares algorithm. Despite the considerable improvements in the performance of the 
new generation of multibeam echosounders, artifacts still occur in the bathymetry, 
due mainly to anomalous bottom detection. 

Still concerned with the data characteristics, "one of the major problems which 
has to be addressed on implementing a swath sounding system is the managment 
of the prodigious amounts of data ensuing from the survey operations" (Midthassel 
et al. 1988). The last generation of multibeam sonar is able to acquire more than 
1,000,000 depth measurements per hour. For example, the density of the data for 
a SIMRAD® EM3000 running at 10 knots at a depth of 10 m is around 20,000,000 
points/km2 and it can acquire more than 10,000,000 data points in one hour. With 
this amount of data even a low percentage of wrong data can take a very long time to 
be cleaned, even if an automatic outlier selection program with a highly interactive 
graphic user interface is used (Burke et al. 1988, Chayes 1991, Ware et al. 1992). An 
automatic outlier detection algorithm is necessary. Considering the volume of data, 
the production of a seafloor map must also be considered as a practical way of data 
reduction/compression, expecially if it contains other information (data standard 
deviation, data density, etc). 

1.3 Available software 
Available software mapping tools (for example the GMT-System package by Wessel 
and Smith (1995)) are only able to triangulate, contour and plot all data without 
fitting or (for example the MB-System package by Caress (1996)) to interpolate data 
on a regular grid basis and to filter the data from outliers (using a cleaning program 
followed by editing, mbclean and mbedit): anyway, the mbclean algorithm always 
needs an additional editing session. Other packages (such as the TRISMUS package 
by (Bourillet et al. 1996, Edy 1996)) apply the MB-System and GMT-System func­
tionality to conventional gridded maps. TRISMUS contains an automatic filtering 
modulé to remove aberrant soundings (BATHYMUL, see Subsection 2.2). More informa­
tion on software toolkits for mapping of scattered data can be found in (Mayer et al. 

2The software MB-System also deals with this kind of errors (Caress 1996). 
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1997, Tyce et al. 1997). Gridding bathymétrie data has a series of disadvantages. It 
introduces a low pass effect that can mask seafloor features. If the gridding is too 
sparse, the seafloor can be poorly defined while, if it is too dense, the map dimension 
can be too large for practical purposes. If a seafloor peak is not on a node of a 
regularly gridded map, its features are not well conserved and there is also the risk, if 
the grid is not dense enough, that the peak could disappear from the map. The best 
choice is a sparse grid where the seafloor is practically flat and a dense grid where it 
changes more dramatically. A substantial improvement can be obtained using a data 
driven triangulated map: it will always locate a node on or very near, to the seafloor 
peaks. There is no risk that the peak could disappear from the triangulated map3. 

2 Mapping multibeam bathymétrie data 
2.1 Problems of mapping 
The creation of a DTM is the crucial phase of bathymétrie data processing (Bourillet 
et al. 1996). Building a DTM starting from data points can be seen as a data 
interpolation or data fitting problem. When noise affects the data and when the 
density of data points is higher than the required map resolution, the map cannot be 
simply an interpolation of the data points: data fitting is required. Starting from an 
accurate DTM it is possible to produce a contour chart, a perspective view, a depth 
profile along a given path, differential and slope charts, volume calculation, etc. 

When fitting a seafloor, as we saw in the preceding Section, the function ƒ is 
traditionally calculated on a uniform grid and interpolated between the grid's nodes. 
The calculation of the grid node depth is usually performed as a simple average (or 
weighted average) of the nearest data points. Claussen and Kruse (1988) and Mitchell 
(1996) use a more time consuming, but more accurate algorithm, based on the fitting 
of the nearest data points with a plane or a quadric surface. 

A common situation after the map is produced using a common gridding technique 
is that the grid interval is so narrow that considerable noise is present on the gridded 
map and further filtering is necessary to obtain a correct DTM. The filtering phase 
must preserve the height and the dimensions of the sea details. Some of the algorithms 
presented in the literature do not give sufficient consideration to this important point. 
Common low-pass filter smooths well but does not preserve seafloor features. 

2.2 Problems in t he el iminat ion of bad da t a 
To obtain the best DTM, it is important to eliminate wrong data. The outliers elim­
ination phase may be performed before or during the fitting phase. Two approaches 
exist in bathymétrie data analysis: interactive outliers elimination by means of a 
computer aided graphics tool or software automatic elimination. Most commercial 
software uses a hybrid approach consisting of software detection of "possible outliers" 
followed by an interactive session to confirm the elimination (Ware et al. 1992, Caress 
1996, Edy 1996). These "outlier elimination" sessions are tedious and time consum­
ing given that 1% outliers on 1,000,000 points each acquisition hour, results in 10,000 

3Another software package, Siscat, can be used to model data using maps that optimize storage 
space (SINTEF n.d.). However, it works on a pre-defined "correctly" gridded map or on scattered 
data that are supposed to be exact. 
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outliers per acquisition hour to be scanned. Caress (1996) affirmed that a "technician, 
spends roughly four hours per day processing the data from the day before" and other 
"8 hours of effort per survey day were required to achieve the" final site map: the new 
multibeam sonar produces more data than the ones produced by the Caress instru­
mentation. Within the software for automatic outlier detection, different approaches 
exist: some of these are not able to find all the outliers (Caress 1996, Guenther and 
Green 1982, Grim 1988, Wells et al. 1989, Herlihy et al. 1992), others are too time 
consuming (Greenburg 1987) or need very high coverage to be accurate (Ware et al. 
1990, Ware et al. 1992, SIMRAD 1992). An interesting algorithm is still far from 
practical application (Du 1995, Du et al. 1996, Du 1997). Finally, even commer­
cial packages, such as NEPTUNE and TRISMUS, strongly suggest operator editing 
of outliers automatically flagged by their algorithm (SIMRAD 1992, Bourillet et al. 
1996). It must be pointed out that some of the algorithms used to flag the outliers 
are questionable from a statistical point of view. A popular technique of outliers 
flagging consists, after a preliminary fitting surface has been found, of the calculation 
of the local standard deviation between data and surface and in the following outlier 
elimination phase based on the local standard deviation (Midthassel et al. 1988, SIM­
RAD 1992, Ware et al. 1992, Edy 1996). A further fitting phase, using the cleaned 
data, follows. This technique, as described by the authors, is also questionable from 
a statistical point of view (it is not robust). 

An interesting problem concerning data noise is that when using different sonar 
systems or when the seafloor changes, the data noise variance changes and most of the 
outlier elimination algorithms we have cited depend on constants which are sensitive 
to noise level. 

Some of the above methods perform filtering of the data file using only adiacent 
beams and soundings in the data file. The data file, however, is usually built using 
more than one track: each track is superimposed other tracks. Therefore, a percentage 
of the data points is in close proximity geographically but is not near in the data file. 
The methods just described do not use the information carried by these points. 

2.3 Overview of the algorithm 
The algorithm presented here is not completely innovative in the sense that it is 
composed of a series of steps, where each single step has already been used on seafloor 
fitting, outliers elimination or data reduction. The novelty of the algorithm consists in 
the conjunct use of these techniques in such a way that the calculations are performed 
using a computing time compatible with practical considerations. Moreover: 
• The algorithm uses all the data points to eliminate outliers and prepare the map 

(not only the ones that are physically close in the data file) 
• The algorithm attempts to address the problems of outlier elimination and storage 

space versus information optimization, which are still not optimally solved in the 
cited literature. 

The characteristics of this algorithm are: 
• a map which optimizes storage space; 
• map resolution dependent on local data noise amplitude; 
• robust treatment of outliers; 
• interpolation of data produced by any echosounder; 
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• intrinsical modularity of the implementation software that can be easily divided 
for a multiprocessor environment; 

• low computing cost even on large data files. 
The fitting (mapping) algorithm described here is based on a triangulated grid 

which minimizes4 the number of nodes necessary to describe the map and minimize 
the loss of information. The map produced is denser where the magnitude of the 
second derivatives of the seafloor are higher and the resolution depends on the noise 
level on the data. The algorithm enhances the accuracy of the seafloor map, cal­
culating the map node depth, fitting the data points near the node using a quadric 
surface. At the same time, it produces a filtered DTM: the characteristics of which 
are such that they preserve the seafloor feature characteristics (depth, dimensions and 
position). The basic idea behind the outlier detection method described is that the 
outlier elimination phase is carried out during the mapping phase and consists of two 
distinct procedure: a first algorithm (robust but not accurate) eliminates far outliers 
and a second one (quasi-robust but accurate) removes the nearer outliers (Canepa 
and Bergem 1997). 

The algorithm is fast and produces an already filtered map that can be easily 
gridded. Moreover, while the algorithm builds the map, it also eliminates outliers 
using all the data acquired from the site. The algorithm results shown in Section 3 
illustrate the effectiveness of the triangulation procedure concerning data reduction. 

To permit fast data fitting, a piecewise linear approximating surface is chosen for 
the algorithm: the simplest C° (continuous) function. 

Two important points of tringulated surface fitting algorithms are the stopping 
criteria and the node choice of the fitting algorithm. Many criteria are available 
depending on the particular application. One of the criteria that fits well with the 
seafloor data mapping, depends on the local data noise (LDNC): the triangulation 
procedure will look for data points the distance of which from the map under con­
struction, is higher than a certain number of times the local data noise. If the points 
are not outliers, they are chosen as map nodes. It is clear that most of the nodes 
considered will be outliers. This strategy is appropriated to the selection of points 
with the highest probability of being outliers. This criterion is also able to produce a 
map independently of data local noise. The triangulation produced using the LDNC 
is more dense where the second derivatives of the seafloor are high, that is where the 
surface "changes more." The triangulation will stop when all the data points that 
are not outliers are "near" to the constructed map. 

The way in which a smoothing filter deals with seafloor features is an impor­
tant characteristic to consider when a filter procedure for bathymétrie data must 
be selected. For example, a moving average filter reduces the amplitude of a local 
maximum of the surface. This is also the case, for a gridding technique based on 
the average or the median of the points nearest to the grid node. Filtering tech­
niques exist which are able to maintain such characteristics although losing some 
smoothing power. They are low-pass filters, well-adapted to data smoothing termed 
least-squares,filters (Press et al. 1992). For each point p¡ = (x¡, y¡, z¿), the least-square 
polynomial fit PPiiKf(x,y) to the N f points in the neighbourhood of p, is performed 
and the smooth value (SV) of the function z\ = PPiiN¡(xi: y¡) is taken as the value of 
the polynomial fit at (x¡,?/¡): 9ί — (xi,y¡iz*)· Then, the filter is moved to the next 

If the node choice is data based. 
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point until all the smoothing function points are calculated. This kind of filtering 
can be performed using fast algorithms on gridded data, but it is very slow if they 
are not. As a consequence, it is not possible to filter all the bathymétrie data using 
this powerful technique (Greenburg 1987). Our fitting algorithm automatically and 
efficiently performs a version of a least-squares filter. 

2.4 Description of the bathymétrie data fitting procedure 
The bathymétrie fitting procedure is a modified COMPRESS scheme applicable to 
noisy data (Dyn et al. 1990, Rippa 1992). 

In simple terms, our algorithm starts from a first set of nodes which defines the 
map zones and calculates the SV of the seafloor surface at these points. The first 
triangulation is performed using the contour nodes and the SVes. The node with 
the maximum relative0 error between the approximated map and the data set is 
calculated and if this error is higher than a certain constant, the point that generated 
the highest error is added to the set of map nodes after calculation of its SV. The 
algorithm stops when all the data points have a relative error from the map inside a 
given range. The mapping results are given as depth and local error at the node. 

Global fitting of the seafloor surface can be very time consuming. For each step 
of the optimization, the error between the data points and the actual approximating 
surface must be computed. It is more efficient to divide the problem into a number 
of smaller problems in which the global solution can be efficiently found and then 
assemble the local solutions to generate a global one. This process is possible only 
if the local solutions are continuous when joined. In our case, considering that the 
approximating surface described here is based on triangulation, the local solution can 
be found on triangular sub-domains: the union of such sub-domains generates the 
global map. 

2.5 Outlier elimination 
A high level of outliers is a rule in bathymétrie data: in such cases many authors 
prescribe that a better estimation of the surface location is obtained if an algorithm for 
outlier elimination is used (Launer and Wilkinson 1979, David 1979). Most methods 
for statistical outlier elimination are based on a significance level, the probability that 
good data could be discarded assuming that the data are distributed according to 
a given probability density function. For high levels of contamination (10%), many 
authors in the book edited by Launer and Wilkinson (1979) prescribe the use of 
methods with a high probability threshold, in which case, the elimination of a small 
amount of good data permits a robust and efficient location of the surface. 

The outlier elimination algorithm presented here is based on the application of 
two algorithms: a robustness-inducing algorithm and a quasi-robust algorithm. A 
guasz-robust algorithm is an algorithm that cannot be applied when outliers lie in­
discriminately far from the real location. If outliers are reasonably near to the real 
location, a guas¿-robust algorithm is able to estimate and identify the outliers. The 
presence of the robustness-inducing algorithm is clear: it is used to identify the pres­
ence of "far" outliers and of eventual seafloor discontinuities. In fact, the seafloor 

"Relative to the local noise variance. 



is one of the places, in nature, where a step can be encountered and a continuous 
fitting function cannot always be used: the presence of such discontinuities is taken 
into account in the robustness-inducing part of the outlier elimination algorithm. 

The outlier elimination phase can be applied to the mapping algorithm without 
substantial changes. 

The quasi-robust algorithm is based on a suggestion that can be found in the 
manual of the loess program (Cleveland et al. 1992): a program of local regression. 
It is based on an iteratively reweighted least-squares method (IF-estimator) called 
iteratively Tukey's reweighted least-squares (Cleveland et al. 1992, Goodall 1983). It 
works on long-tailed distribution, but it has a high efficiency in the Gaussian case. It 
iteratively performs a surface fitting weighting of the data residuals: this algorithm 
is able to detect the presence of near outliers. 

The iteratively Tukey's reweighted least-squares can have problems in presence of 
very far outliers. To avoid such problems, a robustness-inducing algorithm is applied 
before applying the IF-estimator. The algorithm is applied during the N¡ fitting 
points selection phase. During that phase, a fitting of the surface is not available: 
as a consequence the points depth will not, in general, be Gaussian distributed. The 
idea is to use the fourth-spread range (based on an unknown Gaussian distribution, 
see Emerson (1983) for a description of the test), as a test to eliminate only the "far 
outliers": the complete elimination will be performed by the guasi-robust algorithm. 
Du suggests the use of an outlier elimination criterion based on the Uniform dis­
tribution6 (Du 1995, Du et al. 1996). The use of the Gaussian distribution implies 
criteria that are more conservative with respect to those derived from the Uniform 
distribution. 

Our algorithm, after producing a first approximation of the seafloor map, performs 
an outlier elimination step using the local standard deviation as a parameter for 
the elimination of the outliers that escaped the first scanning procedure (SIMRAD 
1992, Midthassel et al. 1988, Edy 1996, Ware et al. 1992). A second mapping section 
is then performed. The improvement with respect to some of the cited algorithms 
is that the farthest outliers were already eliminated before proceeding with further 
elimination and the algorithm is, therefore, statistically robust. 

3 Algorithm testing 
The mapping procedure described in the preceding sections is tested here using both 
synthetic and real data. The values selected for the algorithm parameters during the 
test phase are a good balance of different exigencies. 

A set of four standard functions was chosen to produce synthetic data in accor-
6He claims that a Uniform distribution is more appropriate to describe the statistic of the data 

if this is dominated by the seafloor variation: this hypothesis could be correct only if the considered 
points come form a large region that shows significant height variation. 
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dance with (Dyn et al. 1990). 

M*,V) = ­ ( l ­ f ) " ( l ­ ¡ ) 6 ­ 1 0 0 0 ( 1 ­ a ; ) V ( l ­ y ) V (1) 

v(i-f)·-*■(!- " 
tanh(9y ­ 9.r) + 1 

h{x,V) = g (2) 

(3 
/ οι 

f3(x,y) = e x p i ­ T ( ( a ­ ­ 0 . 5 ) 2 + ( t / ­0 .5) 2 ) 

ι if y ­ ξ > \ 

Π Χ ? Λ _ ; 2 ( y ­ 0 i f 0 < y ­ £ < ì 

(cos(4*r(£,y)) + l ) / 2 i f r ( Ç , y ) < i W 

0 otherwise 

where rfoy) = ((ξ ­ f)2 + (y ­ ±)2)", and ξ = 2.1z ­ 0.1. 

To obtain data files comparable with those of a multibeam echosounder, the func­

tions fi have been transformed to F¡: using this transformation "natural" variations 

of latitude and longitude result in "natural" variations of depth. The functions were 

sampled using random Uniform sampling: the resulting sample distribution is similai 

to the bathymétrie data distribution, but the data are ordered differently. Figures l.b. 

d, f are contour plots obtained using 10,000 random samples of iq to F3. 

Gaussian uncorrected noise is added to all the synthetic data sets. To simulate 

different multibeam sonar, two values of noise variance are used: σ,η = 0.5 m and 

ση = 0.05 m. Figure 2 shows an example of the effect of the noise on data sampled 

by the F4 function. 

Figure 3 shows (on the top) the results obtained from the algorithm when applied 

to the data in Fig. 2.a, in terms of reconstructed surface, triangulation, and statistics. 

Considering the high level of the noise, the surface is well reconstructed. In the 

table in Fig. 3, and in the following tables, the columns labelled N0 and Nn give, 

respectively, the number of outliers in the data set lying in the map and the numbci 

of nodes of the map. The column labeled σρ gives the value of the standard deviation 

of the noise added to the synthetic functions samples. When the algorithm is applied 

to a low noise data set (see Fig. 2.b) more points are necessary to obtain a result in 

which the map is sufficiently accurate to have a variance from the data of the same 

order of the variance of the noise on the data. Figure 3 shows (bottom) the results 

of the algorithm using 15 fitting points. It is noteworthy, in Fig. 3, that the mapping 

algorithm uses a high resolution where the surface second derivative is high, and a 

low resolution where it is zero. Similar results are obtained applying the algorithm 

to the other test functions. 

An interesting test was applied to a synthetic data set of noise with constant 

variance σ,η (i. e. constant depth). Table 1 reports the result of a single run of the 

algorithm in terms of error betweeen the reconstructed surface and the real one. It 

is clear that the error decreases when the number of fitting points increases (in the 

case of constant depth). When the number of fitting points is below or equal to 30 

points, the error is high: this is a statistical limit for the algorithm. Two seafloor 

surfaces realized from data from the same site could therefore have a difference equal 

to twice the error reported in Table 1. 
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Figure 1: The first three synthetic test functions. 
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Figure 2: The effect of the noise added to the F4 function: the variance of the noise 
applied to the data is, on the left, ση and, on the right, am. 

Nf 

\ε\/σ,η 

15 
2.00 

30 
1.22 

50 
0.96 

100 
0.66 

200 
0.20 

300 
0.18 

400 
0.17 

Table 1: Relative error realized in the mapping of a constant depth synthetic seafloor 
data with a Gaussian noise of variance σ,η. 
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Figure 3: The results of the fitting algorithm applied to data characterized by a high 
(top) and low level of noise (bottom). 

After the tests as global algorithm, other tests were performed on synthetic data 
using the algorithm on sub-maps. Two results on local application of the algorithm 
are shown in Fig. 4. The data sets consist of 120,000 points and the algorithm was 
applied using the selected parameters but dividing the problem into sub-maps with 
no more than 10,000 points each (16 maps in this case). The figures show that when 
the algorithm uses sub-maps it produces results very similar to the global application 
of the algorithm. The only difference is a small increase in the number of nodes and 
in the noise between the data and the reconstructed map. 

To simulate real data, a synthetic data file with outliers was produced adding 5 % 
of data with a constant error from the synthetic surface (±ka). With appropriate 
values for the algorithm parameters, when k = 3, 50% of the outliers are identified; 
when k = 5, all the outliers are identified. 

After the test on synthetic data some tests were performed on data collected 
at sea using an Atlas™ HYDROSWEEP MD© multibeam echosounder (STN ATLAS 
Elektronik GmbH, Bremen, Germany). Here only one of the test is shown on a 
shallow to deep water area in the Black Sea. Because the number of data points 
was high (about 350,000), the map was obtained by subdividing the problem into 5,9 
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Figure 4: The results of multimap algorithm applied to synthetic data obtained from 
the F4 function and characterized by a high level (top) and low level (bottom) of 
noise. 

sub-maps. Figure 5 shows the seafloor surface obtained using N¡ = 150: the number 
of nodes obtained using so many points is halved and the error is not increased with 
respect to the case of Nj = 30. 

4 Conclusion 
An algorithm to produce accurate maps from bathymétrie data has been described. 
The main characteristics of the algorithm are: 
• It produces a triangulated map of uniform accuracy irrespective of seafloor features 
• The resolution of the map depends on local data noise amplitude 
• Data outliers are automatically eliminated 
• It is intrinsically modular (it can be easily divided for a multi-processor environ­

ment) and has low computing cost even on large data files (more than 1 million 
points) 
The algorithm was applied to synthetic data to understand its behaviour when 

parameters are changed. In particular, data mapping with and without outliers hás 
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Figure 5: The results of the algorithm applied to a large data set. 

been tested for both continuous and discontinuous synthetic seafloors. The algorithm 

has also been tested on real data. Some tests were performed on the triangulatioi 

engine behaviour, algorithm implementation speed, and fitting errors. 

The algorithm can be used to reduce operator intervention during bathymetrii 

data mapping. Raw bathymétrie data are directly analyzed by the algorithm which 

automatically and robustly eliminates outliers and produces a map that can be finely 

tuned by the user (number of nodes, smoothing, level of data cleaning, etc.). 
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ABSTRACT 
In this presentation a distinct activity of the BioSonar project is described, namely the 
classification of benthic patterns at the sea bottom by use echo sounder signals processed by 
the RoxAnn device. The field campaigns and gathering of the data material is described, as 
well as the results of the analyses conducted up to now. It is found that classification of the 
RoxAnn signals in feature space achieves a good separation on the Ei signal (normally 
interpreted as roughness) of eelgrass, mussels and sand. The location and dispersion of data 
representing the different bottom types depends considerably on calibration and on variations 
in space and time, and cannot be considered stationary. Thus, it is recommended to classify 
data on the basis of a classification conducted for that particular survey from which the data 
originated, leaving the interpretation and comparison of data based on their absolute values 
out of consideration. It is stressed, that ground truthing is an indispensible requirement for 
ensuring the reliability of the derived sea bottom maps. It is recommended that distinct 
bottom type areas being exclusively covered by one sea bottom type, e.g. a mussel bed, be 
included in any survey to allow verification of results obtained from surveys of mixed areas. 

I ltroduction 
In this presentation we will describe the findings that have emerged from one of the distinct 
activities in the BioSonar project, namely the issue of classification of bottom types using the 
echo sounding device RoxAnn. The general outline and an overall coverage of current results 
of the project has been described in (Conradsen et al, 1998). The overall goals of the 
BioSonar project can be summarised as studies of 

• Quantitative detection (ability to detect benthic communities, and to characterise their 
density with satisfactory precision) 

• Reliability (reproducible or traceable, objective methods) 
• Automation (computerisation of all possible work processes) 
• Change detection (methods for monitoring changes in benthic communities). 
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Thus, it is an objective to assess the precision by quantitative methods and to automate the 

processes as far as possible. The aim is to attain a degree of automation where the overall 

processing is computerised, from the gathering of raw data through the preparation of the 

distribution maps to be inserted in GIS systems. Some of these processes are likely to require 

subjective decisions to be carried out during the use of computer programs, and might 

therefore not be fully objective or independent of the operator. 

Here we will focus on the process of classifying a seabed, i.e. to provide a segmentation of a 

map into disjoint parts of different bottom types, with a particular view to identifying areas 

containing benthic communities like mussels and seagrasses. Focusing on classification of 

RoxAnn, we leave out many other subjects, such as the study of side scan sonar signals and 

the geostatistical study of spatial variability of the signals. Furthermore, the water depths 

surveyed lie within the range 5 ­ 1 0 metres, as we concentrate on data collected during 

surveys in Øresund between Denmark and Sweden, where eelgrass (Zostera marina) was 

measured as a nordic substitute for neptune grass (Posidonia oceanica). 

The device and the data material 
For use in the project an echo sounder add­on device called RoxAnn and a side scan sonar 

add­on device called EOSCAN were selected. These are quite different hydroacousiic 

measurement devices, which give a good span of available technology and provide a basis for 

subsequent data fusion analyses. 

The RoxAnn device, consisting of a head amplifier, a parallel receiver and a software 

package, records time­integrated parts of the first and the second backscattered echo from the 

sea floor, called Ei and E2, respectively. The existence of a relation between sea floor 

morphology and E| (sea floor roughness) and E2 (sea floor hardness) is detailed on an 

empirical basis in Chivers, Emerson & Bums (1990) and Chivers & Bums (1992). A 

theoretical justification for the said interpretation of Ei and E2 is given by Heald & Pace 

(1996). In the BioSonar field campaigns an echo sounder frequency at 200 kHz was used. 

The field campaigns in the Meditteranean and in Øresund have been carried out in the two 

consecutive years 1996 and 1997. The areas in Øresund were surveyed in late October in 

1996 and 1997, and the Meditteranean areas were surveyed in November in 1996 and 1997, 

i.e. the change detection analyses will not be affected by elementary seasonal variations. The 

design of the field campaigns were based on three types of sea bed areas: 

• Test areas, potentially containing mixed bottom types (two areas have been selected at 

sizes between 1 ­ 2 km2) 

• Bottom type areas ( 3 ­ 6 areas at a of size 100 χ 100 metres) 

• Footprint areas (one for each campaign having a size of 60 χ 60 metres) 
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Figure 1. Geographical map including test areas etc. in Øresund. Coordinates are UTM 33 

Northings and Eastings. 

The purpose of the test areas was to collect mixed data representing real world cases. Thus, 

the intention was that the two test areas should be different e.g, one representing a density 

gradient of mussels and one centered on a mussel bed. In the Meditteranean one test area was 

an area of healthy neptune grass meadows (Cabo de Palos), and the other represented an area 

of degraded meadows (Mazarron). The purpose of the bottom type areas was to map 

practically uniform sea floor areas with solitary populations. The data from the so­called 

bottom type areas were used as references when the test areas are studied, and in preliminary 

studies of discriminating power of data. The footprint area measurements were introduced to 

assess repeatability and to assess drift from day to day, i.e. as a possible calibration means. 

The repeatability has been assessed for raw signals and for estimated areas. 

In Øresund two test areas were applied, one located on the southern edge of Drogden and the 

other on the northwestern edge of Flinterenden. 3 bottom type areas were used in the 

Øresund, namely sand (100% coverage), a mussel bed (100% coverage), and solitary eelgrass 

(Zostera marina) meadow at approx. 100% coverage. These areas are depicted in Figure 1. 

Ground truthing was prepared using video and still photos. Vertical video recordings were 

taken at fixed stations, primarily at intersection points in the transect grids. The video camera 

was mounted with a measuring tape. Still images were prepared for fixed stations by means 

103 



of a photo­sampler. The images cover approx. 2 m2 of the sea bottom. A range of exogeneous 

and supplying variables were measured, including depth, temperature and salinity profiles, 

chlorophyll (when feasible), seston and transparency. Sea state was opted for, but the 

measurements were not implemented. 

Classification of the eelgrass, mussels and sand bottom types 

Initial data analyses focused on the possibility to distinguish hydroacoustic measurements in 

feature space. The feature space is the 2D space consisting of (the logarithms of) Ei and E2, 

i.e. vectors 

Y = (logE2,logE I)
,
I 

and is illustrated for the observations made in the bottom type areas in the 1996 field 

campaign in Øresund in Figure 2. 

Bayesian discriminant analysis assuming Gaussian distributions of the bottom type 

observations were used to study the possibilities for segmentation of the sea floor in four 

distinct classes, being sand, mussel, eelgrass and other / reject class. The results yielded high 

resubstitution rates at 96% ­ 99% for the three bottom type classes, which establishes that the 

basic features of the observations can indeed be used to segment the sea floor in the said 

classes (Schultz et al, in prep.). 

Use of a non­parametric method called deformable templates, which it might be argued is 

more realistic, as it does not rely on assumptions of a certain shape of distribution of the 

observations in feature space, achieved similar high resubstitution rates, depicted in Table 1. 

Table 1. Confusion matrix for classified RoxAnn data bottom type areas from the 1996 field 

campaign in Øresund, using Deformable Templates. The average accuracy rate is 96.93ο. 

True bottom type 

Mussel 

Zostera 

Sand 

Classification classes 

Mussel Zostera Sand 

98.56% 0.54% 0.00% 

1.25% 96.84% 0.51% 

2.89% 0.83% 95.39% 

Total 

100% 

100% 

100% 

Figure 2 shows a good separation of the eelgrass, mussels and sand bottom type data, they 

cluster in separate locations in feature space. The main direction of variation among clusters 

is just about vertical, and an analysis of variance accentuates Ei, roughness, as the variable to 

apply to separate the bottom type data, as the bottom type explains 82% of the variability of 

Ei. In comparison the bottom type codes obtained from ground truthing accounts for a mere 

11% of the variability in the E¡, hardness, clearly rendering this variable inferior for 
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Figure 2. The RoxAnn observations made in the bottom type areas sand, eelgrass and 

mussels in the 1996 field campaign in Øresund depicted in the logarithmic feature space. 
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classification of bottom types. This result is sensible, as Ei as a roughness measure is 

anticipated to be able to distinguish bottom types of sand, haivng a characteristic grain size at 

approx. 1 mm, mussel beds having grain sizes at approx. 5 cm, and eelgrass consisting of 

laminar segments varying in length from half a metre to several metres (Madsen, in prep.). 

The classification results have been verified by the data from the survey oftest area 2, which 

is just about entirely covered by mussels. The data from the mussel bottom type area and test 

area 2 are depicted in Figure 3. As can be seen, the observations from the two mussel bed 

locations overlap substantially. 
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Figure 3. Overlap in 2D­feature space between mussel bottoni type area and test area 2 in 

the 1996 field campaign in Øresund. 

Variability and stationarity of Ei and E2 

The influence of the exogeneous variables measured on Ei and E2 has been analysed. 

Concentrations of suspended matter were practically constant during the field campaigns, 

thus having no influence on the measurements (Madsen, in prep.). This was the case for 

salinity too. Among the exogeneous variables depth was singled out as a factor to be given 
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some attention. A series of analyses of variance, employing various models of the two factors 
bottom type and depth and their interaction, were conducted. The overall impression of the 
results is that, based on the datasets from the 1996 field campaign, the RoxAnn 
measurements and the water depth is not very strongly dependent, E2 being slightly more 
dependent on depth than Ei as expected (Schultz et al , in prep.). 

Another important finding, which is only reported qualitatively at present, is that the RoxAnn 
recordings cannot be regarded stationary, neither in space, time nor for a fixed calibration. 
That is to say, that the variation from survey to survey is substantial and necessitates that the 
classifications of data in feature space be conducted on a survey to survey basis. Furthermore, 
the lack of stationarity of Ei and E2 is considered to render absolute values incomparable 
from survey to survey; thus, it is recommended to refrain from interpretation of absolute 
values of Ei and E2, and to use relative values only, i.e. relative to the current classification in 
feature space. Other studies support this finding, e.g. Gensane concluded that echo sounder 
signals backscattered by separate areas containing the same bottom type hardly can be 
regarded as stationary (Gensane, 1989). 

Ground truthing 
The still photos and video recordings made in intersection grid points respectively along 
every 5' transect were used to check the classifications in feature space of the RoxAnn 
measurements. The inspection of ground truthing proved crucial to the success of data 
processing when it was found that a part of the eelgrass bottom type in Øresund actually 
consisted of sand beds, which is expected to resolve some obstacles in the classification 
analyses. Aerial flight photos available for the Eelgrass bottom type have been used for 
verification as well, with good results. Therefore, as a general finding, it is stressed, that 
ground truthing is considered an indispensible requirement for ensuring the reliability of the 
derived sea bottom maps (Madsen, in prep.). Figure 4 depicts a frame from a transect video in 
test area 1 in Øresund, an area containing a mix of mussel, sand and eelgrass at the sea 
bottom! 

Design of hydroacoustic surveys 
The experience gathered in the BioSonar suggests that a two-step approach be applied for 
surveys of larger, unknown areas. The first step would consist of a survey traversing the area 
to be monitored at large, using a low to medium transect density; one of the subsequent uses 
of the collected data would be to identify or at least indicate subareas being entirely covered 
by one of the distinct bottom types anticipated to be present within the survey area. In the 
second step the bottom type subareas are monitored with a high sampling density, and the 
larger survey area is covered by a transect grid allowing high sampling densities in localised 
subregions containing interesting features, e.g. locations where the data from the first step 
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Figure 4. A frame from a ground truth video from a transect in test area 1. 

indicate a high degree of mixing of bottom types. This approach is suggested for preparation 
of baseline inventories of benthic communities, whereas a slightly different approach might 
be favorable where change detection is the primary aim. 

For change detection a number of relatively small subareas of the survey area can be chosen, 
either at random or by use of some systematic scheme, and combined with a selection of 
distinct bottom type areas. These small subareas are then sampled at a very high sampling 
density - in the simplest design at two time points labelled "before" and "after" - and then 
analysed using a repeated measures design, where the statistics are compared on a subarea 
basis collecting the differences for every subarea in a collective change detection statistic 
(Sørensen, in prep.). 

These design recommendations in both cases entail that subareas identified or indicated as 
containing one distinct bottom type are essential parts of any hydroacoustic survey aiming at 
mapping of benthic communities at larger scales. 
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Possible ambiguity of the E, scale 

The integrated part of the first backscatter, E,, is usually interpreted as roughness. As 

mentioned this corresponds well with the good separation found along the E, axis of sand, 

mussels and eelgrass. Roughness can be thought of as a measure of the basic grain size of the 

sea bottom texture. For sand as a bottom type the typical grain size (of a sandparticle) is 

spprox. 0.5-2 mm, the size of a mussel is 5-7 cm, and the typical grain size of eelgrass is 1 

metres, say. 

] lowever, in the present case this interpretation of the success of the classification in feature 

space indicate the limitations of the approach too. Henceforth, if the interpretation is valid the 

roughness scale, Ei, will confuse benthic communities and patterns at the same characteristic 

scale or grain size, e.g. mud with sand, pebbles and stones with mussels and algae and other 

seaweeds with eelgrass. Therefore, it will in general not be valid to aim at the detailed 

mapping of a range of species having overlapping grain sizes using RoxAnn, except in cases 

not covered by our studies where E2 might contain the sufficient supplementary information. 

Options for improvements and handling of obstacles 

Λ number of problems related to RoxAnn were pointed out in this presentation, two of the 

most important being that only Et was found relevant for classification of the bottom types 

studied and the lack of stationarity of Ei and E2. One way of solving some of the problems 

would naturally be to acquire a more advanced hydroacoustic device. However, the lack of 

stationarity will probably be inherent for hydroacoustic measurements due to the vast amount 

of factors influencing the measurement process, wherefore it might be more promising to 

focus on the filtering of the measured signal. 

An number of alternatives to Ei and E2 as aggregated values are reported in the literature, 

thus providing the potential for a feature space of a higher dimension. However, it could be 

advantageous to filter the unaggregated, raw signal, e.g. based on the frequency domain, 

rinfilar to methods suggested for side scan sonar data (Pace & Dyer, 1979; Tamsett, 1993). 

It might prove useful and yield more realistic results to include a sort of unmixing process 

(Settle & Drake, 1993) to the resulting maps of the the bottom type classes within a surveyed 

area, thus allowing for spatial coordinates to be partially classified within several classes 

(Sørensen, in prep.). 

Finally, it is emphasized that ground truthing from independent data souces is an 

indispensable requirement for hydroacoustic surveys to produce reliable results, and 

furthermore, that it is essential that the design of a survey contains a procedure whereby 

subareas containing distinct bottom types are identified and sampled to be used for 

c assification purposes. 
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A1STRACT 

Two recent investigations in the Western Mediterranean Sea have evidenced recent slope 

failures and related deposits, thanks to the use of swath bathymetry and very high resolution 

seismic techniques. On the Ebro margin, swath bathymetry and bottom parametric seismic 

profiling reveal recent scars cutting across the upper continental slope, and related slided deposits 

or the lower slope and Valencia Channel. On the western Rhone margin, a large (>75 km3) debris 

flow has been identified. Its origin is both on the shelf break (with scarps more recent than ca. 22, 

000 years BP cutting across Last Glacial Maximum Lowstand shoreline), and on the upper part of 

the western flank of the Rhone deep sea fan. 

INTRODUCTION 

In the Western Mediterranean Sea, catastrophic events that cut telephone cables have been 

reported in modern times, e.g. the failure event off Nice in 1979 (Gennesseaux, et al, 1980; 

M tlinverho, et al., 1988) or the large turbidity currents induced by the 1954 and 1980 earthquakes 

of'shore El­Asnam (previously named Orleansville, Algeria) (El Robrini, et al., 1985). A few 

millennia old, major landslide­derived deposit, tens to hundred km3 in volume, has been also 

rej orted on the western flank of the Rhone Deep­Sea Fan (Droz and Bellaiche, 1985; Méar, 1984; 

To res, 1995). Recent investigations (respectively in 1995 and 1997), have mapped similar 

deposits on the Ebro and Rhone margins (Figure 1). Using various newly developped high and 

ver­/ high resolution geophysical techniques, these surveys have identified and mapped recent 

debris flows, in the Valencia Gulf (Canals and Alonso, 1996) and on the lower slope and rise of 

the Gulf of Lions­Rhone neofan transition zone (Loubrieu and Berné, 1998). In the Balearic 

abyssal plain, a megaturbidite has been mapped by Rothwell et al. ( et al , 1998). The 

emilacement of this bed is dated back to 22,000 calendar years, i.e. during Last Glacial 

Maximum. 
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Figure 1 : Position of the two studied areas in the Western Mediterranean Sea 

1- THE EBRO MARGIN 
The BIG'95 cruise of R/V Hespérides in 1995 allowed the mapping of a large slide scar and 
deposit, off the Ebro shelf (Figure 2). It extends from the prograding Ebro shelf break down to 
1800 m water depth. A rough, distinct topography, very apparent on swath maps, characterises 
both the scar and the surface of the deposit, which forms a seismically transparent layer that buries 
the former sea-floor topography and partly fills thé uppermost course of the Valencia mid-ocean 
type channel, opening between the Iberian and Balearic margins, in the Valencia Gulf. A horse tail 
structure appears on back scattering images, that corresponds to shallow, converging channels 
separated by segments with a blocky texture. Individual blocks have been measured to be as high 
as 35 m over the surrounding sea-floor. The mean thickness of the deposit is around 15 ms, with 
local maximum of 40 ms. The overall area affected by the slide covers about 1.300 km^, with a 
maximum width of 30 km between 1400 and 1600 m water depth. Its volume has been estimated 
to be around 26 krm3. 

General setting 

The North-Western Mediterranean Sea was the study area of the MAST II, Mediterranean 
Targeted Project I - EUROMARGE-NB Project, and is one of the key sectors being investigated 
into the Mediterranean Targeted Project II - MATER. Terrigenous, carbonate and mixed margin 
types coexist. These margins are incised by various kinds of submarine valleys, often forming 

112 



hierarchized patterns. Additionally, a noticeable mid-ocean valley type develops between the 
Iberian margin and the Balearic promontory, following a SW-NE direction : the Valencia Channel 
(Alonso et al., 1995). Submarine valleys can be either related to tectonic controls, like La Fonerà 
and Blånes canyons, or to submarine sedimentary processes, like most of the canyons in the slopes 
of the Gulf of Lions and the Ebro margin. These two margins, dominated by the inputs of the Rhone 
and libro rivers, are clearly progradational. While the Rhône margin has been intensively studied 
during the last years with respect to the detailed morphosedimentary features and recent 
sedimentary processes (see the compilation in Torres, 1995), much less detailed work has been 
done till now in the Ebro margin. 

Figure 2: Position of the BIG 95 survey 

The Ebro margin constitutes the western flank of the Valencia Valley, whose axis is 
entrenched by the above mentioned Valencia Channel. The eastern flank of the Valencia Valley is 
formed by the North Balearic margin. 

The Balearic margin is defined by a steep continental slope and base-of slope, the absence of 
modern major tributaries, the carbonate nature of sediments and the lack of major river inputs. 
The·-e features contrast with those of the Catalan, or Ebro continental margin, which is defined by a 
gentle slope, turbiditic channels cutting the slope and base-of-slope, and the terrigenous nature of 
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the sediments from the Ebro river. The progradational architecture of the Catalan manin is 
controlled by the influx of terrigenous sediments, amongst other parameters like sea leve] 
fluctuations (Field and Gardner, 1990). 

In relation to the instability processes in the margins, previous works have reported 
significant slumps and slides in the slope of the Gulf of Lions (Canals, 1985), but only ;mall 
sediment failures in restricted areas of the Catalan continental margin have been reported (Aloi,so et 
al., 1991; Field and Gardner, 1990) . These were identified by means of geophysical techniques of 
intermediate resolution. To this point, it is important to emphasise that at present the ι .-cent 
technological developments for high and ultra-high resolution sea-floor reconnaissance ( wath 
bathymetry, imagery and Bottom Parametric Source) allow sea floor investigations with 
unprecedented resolution. 

Data set 
This study is based on the combined analysis of different types of high and ultn -high 

resolution geophysical techniques obtained in the cruise BIG 95 made onboard BO Hesperidt i and 
covering the deep basin between the Catalan and the North Balearic margins. 

The following tasks have been carried: a) acquisition of full coverage sea-floor mosaic with 
the multibeam EM-12S system, 2) simultaneous recording of very high resolution seismic pi »files 
with the Benthec Subsea Bottom Parametric Source BPS, 3) recording of sea-floor images wih the 
towed deep-sea side scan TOBI in key areas selected from the previously acquired EM-12S and 
BPS records. 

In total, 2.472 linear km have been recorded with the EM-12 swath system, covering 12.357 
km2 of the sea-floor. These data have a volume of 2,5 Gb. Various shaded colour relief images and 
backscattering images, totalling 10 additional Mb, have been derived form the EM-12 data. The 
same amount of lineal km of BPS records has been acquired and recorded in 5 optical disks 
totalling about 300 Mb. The total length of TOBI profiles is 699 km, representing a coverage of 
4.198 km2. 

Results 
Mass wasting features 
Morphology 

The BIG 95 slide, off the Ebro shelf, fits into a geographical frame limited by the following 
coordinates: 39.5N to 40.3N, and 01.0E to 02.0E. It is to be noted that the following paragraphs are 
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dedicated to the description and interpretation of this huge slide although other and smaller ones 

have been also identified in the Ebro slope. 

The BIG 95 slide general shape is rectangular (40 χ 30 km), W-Ε oriented, with a horned 

termination at its shallowest part (head of slide), over the Ebro continental slope, and a long narrow 

arm, SW-NE oriented, following the axis of the Valencia Channel. 

The surface covered by the central body of the slide is about 1300 km2. The arm entering 

the Valencia Channel is 40 km long. The area where the slided mass is deposited goes from at least 

1001' m down to 1800 m in the most distal part of the Valencia Channel. The maximum width of the 

slide, from 1400 to 1600 m depth, is about 30 km. 

The sea-floor roughness is distinctive of the area where the slided mass is deposited, as seen 

in the detailed swath bathymetry chart. The top surface of the slided mass can be either blocky, 

mostly in the upper and intermediate part, or flat, mostly in the lower, distal part, before entering 

the incised axis of the Valencia Channel. Individual block heights can be up to 35 m, with 25 m 

height as average. 

The headwall scar and upper reaches of the slide show complex interactions between mass 

wasting and slope channel dynamics. The southern limit of the uppermost part of the slided mass is 

formed by a channel that benches downslope and then disappears under the slide deposit. 

Geometry 

The lateral northern boundary of the slided mass is located at the lower reaches of the Ebro 

slope and masks the pre-existing topography. Locally the top of the slide deposit at its northern 

boundary presents convex morphologies. The southern boundary is always located at a lower 

bathymétrie level and terminates against the base of the North Balearic slope. 

The slided mass shows a basal irregular erosional surface below the upper and intermediate 

parts which becomes flat under the distal part. In a downslope direction, the basal surface of the 

slide 1 mass evolves from concave, near the headwall scar, to irregular, in the intermediate part, and 

to smoothed, at the deepest distal part. 

The slided mass clearly fills partly the incised Valencia Channel where it is apparent in the 

bath) metry. The obliteration of a former uppermost course of the Valencia Channel cannot, 

however, be excluded, although its eventual presence into the irregular basal area makes difficult its 

reco[ nition. 
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The distribution of the thicknesses of the slided mass seems to be related with the two types 
of surficial roughness formerly mentioned (blocky and flat). In blocky areas, the thickness varies 
significantly from place to place, between 10 and 38 ms, thus paralleling the irregular, blocky top 
surface. It becomes more constant and smaller in the flat, deeper zones, from 10 to 20 ms. In the 
southernmost sector of the slided mass, thicknesses are always smaller than 10 ms. Along the N\V-
SE arm filling the Valencia Channel, there is an upper segment with 35 to 20 ms, and a lower 
segment with thicknesses less than 20 ms. The volume of the overall slide deposit has been 
estimated to be around 26 km3, 
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Figure 3: Bottom parametric Source profile cutting the western reaches of the BIG 95 slide. The 

upper unit, corresponding to the slided mass, has a transparent character which is attributed to the 

destruction of the initial internal structure. Also note the erosional nature of the bottom of the slided 

mass. 

Seismic facies 

The seismic facies of the whole BIG 95 slided mass in the BPS records is transparent. This 

facies allows to differentiate undoubtedly the sediment body over and against its lower and lateral 

boundaries, which are characterised by stratified facies (Figures 3 and 4). 
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Figure 4: Bottom parametric Source profile cutting the western reaches of the BIG 95 slide 
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Recent sedimentary processes 

One of the diagnostic features of the slided mass is the presence of abundant, sub parallel 
flow lines on the backscattering imagery. These flow lines spread from the headwall area, reach 
their maximum development coinciding with the widest area of the slided deposit, and finally 
converge towards the uppermost incised course of the Valencia Channel. 

Downslope, the flow lines initially follow a NW-SE direction to sharply change to a SW-NE 
direction, later followed by the partly filled upper course of the Valencia Channel. 

As revealed by the merging of deep tow side scan and sea-floor backscattering data, these 
flov lines correspond to slightly sinuous channels between the blocks featuring the blocky terrain 
described above. These slide channels are not connected with slope turbidite channels. Nor the slide 
channels, nor the blocks are obliterated by later deposits. These characteristics, together with the 
fresh appearance of the morphological elements (sfide scar, top surface of the slided deposit) linked 
with the slide demonstrate that it is the latest major sedimentary event in the area. 

Slope channel systems 

Morpho-sedimentary features 

The merging of swath bathymetry and deep tow side scan data allows to identify the 
morphological features of the various slope channels in the Ebro margin, from 600 to 1800 m of 
water depth. The different morphological elements reveal the recent processes affecting the 
evolution of the slope channel systems and, hence, of the overall slope. 

According to the size of the many slope channels identified, five of them are of major 
significance. These have been named 1 to 5, from south to north. The channels cross the continental 
slope and fed the base-of-slope environments, where they form channel-levee complexes. The path 
of the channel segments goes from straight to sinuous to meandering. The length of the channels is 
up to 50 km, with their amplitude ranging from 0.3 to 1.5 km. Their entrenchment into the slope 
sediments varies from place to place, locally reaching up to 90 m. Asymmetry of the channels walls 
is th rule. The cross profile of the slope channels evolves from V shapes in the upper course to U 
shapes in the lower course. 

Channel 1, in the southern part of the study area, becomes progressively narrower and less 
entrenched, finally disappearing on the base-of-slope. By the contrary, those in the northern half of 
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the Ebro slope (channels 2 to 5) tribute into the SW-NE Valencia Channel. The two groups of 
channels are separated by the area occupied by the BIG 95 slide deposit. 

The detailed analysis of the morphology of the channels reveals that different types of 
erosive-depositional processes have been active in recent times. These are: 

- Misfit channels: a misfit channel is one whose meanders do not fit the size of the main channel 
into which it is presently flowing. That is, the meanders of the present inner channel are smaller in 
amplitude and more intricate than the bends in the major channel walls. Misfit inner courses reveal 
thalweg erosion and, possibly, reduction in the volumes of sediment flowing along a former main 
channel. They can also develop because of the softness of the sediments filling the main chanm 1 
after a major transport and deposition event. 

- Incised meanders: they form when the winding channel of a stream is cut deeply into the surface. 
Incision occurs when there is a change in the environment causing renewing of downcuttim. 
Erosion concentrates in the concave part of a meander, while in the convex side deposition or non-
erosion prevails. Eventually, hanging abandoned meanders, or ox-bows, can result from meandering 
incision, as well as lateral terraces. Some channel walls show extremely tight curvatures, with 
cuspidate forms and curvatures forming semicircular wall scars. Small gullies locally develoo 
upwall. 

- Captures: retrogressive erosion of the head of and existing channel can led to the capture of a 
second channel, thus drastically modifying the downslope transport pattern. This process has been 
observed in channel 5, where upslope retrogressive erosion from a branch connected to the Valenci ι 
Channel has caused the capture of a former channel which did not reach the Valencia Chanm I 
before the capture occurred. 

- Hanging valleys: they develop when the base level of the recipient channel is deepened because of 
axial erosion. Then, former tributary valleys become hanging valleys, separated by a morphologics 1 
step from the main valley they open to. This has been observed in channel 4, separated by alOO in 
high step from their merging with the Valencia Channel, as well as in other minor channels. 

- Avulsions: channels in channel-levee complexes are flanked by lateral levees. The occasional 
break of a levee can give place to the formation of a new channel and to the abandonment of the 
pre-existing one. Avulsion processes have been also observed in the slope channels of the study 
area. 
- Braided patterns: meandering starts with local bank erosion and then deposition, and perhaps 
braiding begins in the same way. However, the obvious origin seems to be the appearance of a mid-
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channel bar. This bar grows downstream and may even be built up vertically. Downcurrent 

transportation shadows then aid in trapping finer material. Progressive changes take place linked to 

current deflection against the sidewalls of the channel, causing erosion and formation of new bars. 

A braided stream is characterised by the general instability of the bars and channel ways and by 

caving of the channel walls. Braided patterns are well developed in the upper course of the Valencia 

Channel, between 1700 and 2000 m of water depth, where it has an amplitude of about 2 km. 

2- The western Rhone margin 

In November 1997, a complete swath mapping (Simrad EM 12D) of the Western Gulf of Lions 

slope and rise (water depths comprised between 150 and 2200 m) was carried out by "LAtalante" 

together with sub­bottom and seismic profiling, and piston coring. This cruise named "CALMAR" 

(CAtalano­Languedocian MARgin) is part of a larger project dedicated to the integrated study of 

sedimentary processes and sequences in the Gulf of Lions. One particularity of this project is to 

examine the entire margin, from the coast line to the deep sea (Figure 5). A first requisite was the 

availability of a digital terrain model (DTM) covering the entire study area. For the areas deeper 

than 150m, three swath bathymetry surveys, including the 1997 "CALMAR" cruise, were utilised. 

In total, more than 40 days with "Jean Charcot" and "LAtalante" were necessary for the complete 

coverage of an area more than 100 000 km2 in surface. The shelf (water depth 0­150m) is 

relatively well developed in the Gulf of Lions, by comparison with the adjacent Provencal and 

Catalan margin. A complete coverage with swath bathymetry would require more than 400 days of 

ship time. Thus, the strategy was to compile sounding charts of the French Hydrographie Service 

at scales of 1/10,000.and 1/20,000. After manual interpretation, these maps were digitised and 

DTMs were produced at various scales (nominal grids of 50 m χ 50 m). Some areas of specific 

interest were surveyed with a shallow water SIMRAD EM950 swath bathymetry system installed 

on the R/V "LEurope", utilised simultaneously with a high frequency side scan sonar and a high 

resolution seismic source. 

One of the objective of the project, to be achieved in 1999, is to obtain a set of detailed morpho­

bathymetric maps (1/20,000 to 1/100,000) and DTMs, covering water depths comprised between 1 

and 2200m. Several products may be derived from these data, including 3D views, slope or 

"îoughness" maps, of particular interest for determining recent sediment processes and pathways. 

Some results of this "integrated" study of the continental margin, mainly based on the "CALMAR" 

and adjacent data, are presented hereafter. It must be emphasised that the data base, here employed 

for the study of sedimentary processes, may have several other uses for physical oceanography, 

management of sea resources and Geographic Information Systems. 
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The shelf break 
On the shelf, the new data reveals sediment bulges connecting present (highstand) outlets o, 
several streams to some of the canyons cutting across the shelf edge. This is the case, in particular, 
for the Petit-Rhône, Hérault, Aude and Lacaze-Duthiers canyons. These sediment bulges an 
interpreted as remnants of depocenters associated with streams flowing from the Alps, the Massü 
Central and the Pyrénées (Rhône, Hérault, Aude, Agly, respectively). As the post-glacial 

Figure 5: 3D view of the western Rhone shelf, slope and rise. Note the shape ot the sedimentar) 
ridge to the SW, and the Rhone deep sea fan to the SE. The avulsion of the Rhone deep sea fan 
channel is clearly visible. AB gives the position of Figure 6. 
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transgression proceeded, these streams retrograded, depositing sediments which were eventually 
reworked into transgressive deposits whose position roughly indicates the retreat path of streams 
during the sea-level rise. The retreat path of the Rhone is particularly well preserved, and 
demonstrates that, during the last lowstand and transgressive period, this stream had tributaries 
flowing toward the Petit Rhone canyon and also the Marti canyon, and possibly the Hérault 
canyon. The course of these paleo-rivers is well evidenced on gradient maps, were some sinuous 
slope anomalies indicate the position of preserved meandering channels clearly visible on high 
resolution side scan sonar images. 

Canyons 
Canyons are Plio-Quaternary features, some of them having recently migrated in a SW 
direction as demonstrated by 3D mapping and seismic strike sections showing the shifting of 
buried High Amplitude Reflections (HAR) in this direction. However, some canyons, 
especially the Lacaze-Duthiers Canyon, are established within larger depressions 
corresponding to canyons incised during the Messinian lowstand(s). A striking feature is the 
presence of minor channels within the main course of several canyons, these channels being 
generally connected to upper-slope scars . Some of these scars truncate lowstand shorelines 
which have been dated to the Last Glacial Maximum (Berné, et al., 1998; Rabineau, et al., 
1998). As a result, the minor courses of the canyons must have been created -or rejuvenated-
more recently than 22, 000 y. B.P. The Séte Canyon appears as a major feature, capturing Cap 
de Creus, Lacaze Duthiers, Pruvôt, Aude, Hérault and Marti canyons. 

The Pyreneo-Ianguedocian sedimentary ridge 

Downslope, immediately SW of the main canyon system drained by the Séte canyon, a large 
sediment body has been mapped. Firstly noticed by Got and Stanley (1974), it was named 
Pyrenean Canyons Deep Sedimentary Body (PCDSB)by Canals (1985), Canals and Got (1986) 
and Alonso et al. (1991). Our detailed investigation reveals that it is more than 0.8s twt in 
thickness. Its internal structure exhibits lobate morphologies suggesting channel/levee systems, 
with High Amplitude Reflections (HAR). It is covered with sediment waves spaced 2.5 km apart, 
with their lee side facing upslope. We interpret it as a sedimentary ridge similar to the Var 
;edimentary ridge (Gennesseaux and Rehault, 1977) . 

Large debris flow 

Swath bathymetry, acoustic images and sub-bottom profiling allow the identification of a large 
debris flow on the lower slope and continental rise of the study area. On sub-bottom profiles, this 
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unit is characterised by a relatively transparent facies (Figure 6) similar to that of the BIG 95 

debris flow, very distinct from the well­stratified acoustic facies of the Pyreneo­languedocia.i 

sedimentary ridge or of the Rhône deep sea fan. The corresponding Simrad EM 12D data has Ιοί 
backscattered image, as observed on other debris flows to the west of Corsica and on the Celti : 
Sea fan (Unterseh, et al., in press). This debris flow extends beyond the southern limit of th 
surveyed area, namely N4P30' (Figure 7). It has an average thickness of about 30 ms and an 
average width of 25 km. Therefore, the volume of the mapped portion of this debris flow is mor 
than 75 km3. Some faint internal reflections suggest that this unit could be the result of several 
mass-wasting episodes. Two indirect ways allow to propose a time interval for the deposition < 
this sedimentary unit: (a) the debris flow is overlained by the Rhône neofan, which is supposed to 

be Holocene in age (Mear, 1984; Torres, et al., 1997); (b) slump scars along the shelf breal . 

directly connected to the debris flow through incised channels (see above), cut across "shelf­

perched lowstand wedges" dated from the Last Glacial Maximum (Berné, et al., 1998). Thi; 

allows to propose a time interval of about 20,000­10,000 y. B.P. for the deposition of the debri 

flow. 
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Erosion of the shelf and slope as a source for deep sea sediments 

It has been shown that direct connection of the streams to the canyons existed during the last 
lowstand. This provides an important source of material, including sand, for the recent deposits 
identified on the rise and in the basin. Furthermore, relict beach rocks dredged during "CALMAR" 
form topographic highs more than 20 m above the surrounding continental shelf. Because the 
sediment underlying the beach rocks has been deposited during Last Glacial Maximum, it can be 
inferred that large scale erosion of lowstand shorelines took place more recently than 20,000 y. 
B.P., very probably during the deglacial transgression. This provides an additional source of 
sediment, including sand, which was partly recycled into transgressive shelf sand bodies and partly 
transferred to the basin. 
In addition to the large amount of sediment transferred from shelf erosion and fluvial output, a 
very large slump affecting the upper part of the western flank of the Rhône deep sea fan appears as 
another major source of sediment. The interpretation of swath bathymetry, backscattered images 
and sub-bottom profiles clearly shows that the large debris flow originates both from the Séte 
canyon (which represent the main "conduit" for sediment transfer in the Western Gulf of Lions) 
and from this slump scar. 

Fig. 7: Morpho-sedimentary interpretation of the CALMAR area based on the use of swath 
bathymetry and seismic data. CC: Cap Creus canyon; LD: Lacaze-Duthiers canyon; A: Aude 
canyon; H: Hérault canyon; S: Séte canyon; M: Marti canyon; CL: Catherine Laurence canyon. 
RSPL: Pyreno-languedocian sedimentary ridge; NFR: Rhone neofan; DSFR: Rhone deep-sea fan 
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SYNTHESIS AND CONCLUSIONS 

There is no doubt that both debris flows from the Valencia Gulf and Gulf of Lions represent the 

most recent large sedimentary events in these two areas. 

An important aspect in future studies will be to establish the exact timing (and possible 

synchronism) and origin of these sedimentary events, in relation with tectonic activity (seismicity 

and/or salt tectonism), changes in sea­level (and their effects on slope stability), hydrodynamical 

regime, physical properties of sediments and position of depo­centers. Regonial mapping would 

also be important for establishing possible geometrical and genetical relations with sedimentary 

events along the margin and the megaturbidite identified in the Balearic plain (Rothwell et al., 

1998). 

Beside the classical ways for dating marine sediments, the analysis of very well preserved outer 

shelf depositional sequences could be a way for determining the post­glacial history of slope mass­

wasting in these two areas of the North­Western Mediterranean Sea. This will require high 

resolution (100­300m) drillings in areas of the outer shelf/upper slope, seaward of the lowest 

lowstand shorelines in interfluves not affected by slope failure. 
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SUMMARY 

The European North Atlantic Margin (ENAM II) studies are to provide geophysical and 

geological observations on sediment instability, gas hydrates and major mass wasting events 

occurring on the continental slope from the Celtic Margin to the Norwegian Margin. Over 

10,000 km2 side scan sonar coverage and high frequency seismic profiles were obtained in 

selected areas. The determination of the timing, causes and flow processes of mass wasting 

events associated with gas hydrates and margin instability will provide detailed knowledge 

about the spatial and temporal variability of marine systems from the shelf edge to the slope, 

which clearly also has relevance for the offshore industry in designing platforms and 

infrastructures. The target areas presented are at the Traenadjupet and Storegga Slides on the 

passive Mid Norwegian Margin. This appears to be a natural laboratory for the interaction 

between gas hydrates and slope instabilities, where the slides or potential hazards have been 

investigated using single and multi-channel seismics. Ocean Bottom Hydrophone seismics, 

TOBI high-resolution side scan sonar, and finally, drilling. It tums out that the hydrate zone is 

a complex, multiphase system with fluid transport, where one often observes up to 100 m 

high and several up to 1000 m wide mud volcanoes and pockmarks at the sea floor. The 

developments of such zones with time still needs clarification. We know that the stability of 

gas hydrates is mainly controlled by the temperature regime of the oceans and by pressure 

conditions on the seabed. They are directly linked to global change climate processes and thus 

to temperature and sea level changes. Seismic data show that large slides on the Norwegian 

continental margin seem to be associated with gas hydrate reflectors. We cannot exclude that 

any major modification of the ocean's dynamic thermal structure in a warming world might 

cause outbursts of vast amounts of methane from the seabed reservoir and cause an increase in 

mass wasting activity. The morpholgical character of the Storegga Slide, for example, and the 

preservation of structures may lead to the conclusion that the present slide scarp and the 

features down slope cannot be 25,000 yrs old as previuosly thought. The present slide zones 

and the associated seismically-bedded areas indicate instead a nuich younger instability than 

previously thought. Modelling of hydrate formation and dissociation processes during climate 

changes (warming and cooling) and combining laboratory and field results may shed light on 
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the still not well understood sea floor dynamics in hydrated regions where careful drilling 
campaigns are needed. 

INTRODUCTION 

Submarine gas hydrates appear to be common in northern European continental margin 
sediments because seismic reflection data and sampling have documented their existence 
(Andreassen & Hansen, 1995; Mienert & Posewang, 1997; Vogt et al , 1997, Mienert & Bryn, 
1997; Posewang & Mienert, in press). Quantitative information about the distribution and 
concentration of gas hydrates in Norwegian margin sediments, however, is still poorly-
constrained. They are mainly inferred from seismic reflection surveys (e.g. Andreassen & 
Hansen, 1995; Posewang & Mienert, in press). Even though large research efforts have been 
devoted to deciphering the sedimentary processes moulding the margins (e.g. Dowdeswell et 
al., 1996), the timing, causes and flow behaviour of these large-scale events in relationship to 
gas hydrates are still largely unknown (Mienert et al , 1998). Physical properties of sediments 
prone to sliding and slumping are also poorly known, as are the timing and amplitudes of the 
déstabilisation of gas hydrates. These changes must be Linderstood in order to generate reliable 
models for large-scale sedimentary processes, in particular, mass wasting events. In the future 
this will require major research programmes and efforts to develop new technologies in close 
co operation with industry. 

10' 15' 20' 

Figure 1: The Norwegian continental margin showing the location of the Storegga and the 
Traenadjupet Slides. 
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RESULTS 

At the Mid Norwegian Margin, two major sediment slides - Storegga and Traenadjupet -
caused large scale down slope transport of sediments during Quaternary times (Figure 1). The 
Traenadjupet Slide has affected an area of about 15,700 km2, of which the slide scar area 
comprises 8,170 km2 (Figure 2) (Laberg & Vorren, in prep). The Traenadjupet Slide involves 
sediments of late Cenozoic age and has a total volume of 760 km3. The slope gradient within 
the slide scar is approx. 1.2° and sediments have moved up to 200 km from the present shelf 
break into the Lofoten Basin. The headwall of the slide scar is 150 m high and 120 km long 
(Figure 3). An up to 100 m high escarpment has been found further downslope. This may 
imply that sediments at different stratigraphie levels were affected by the failure or that 
several episodes of sediment failure have occurred within this area. Relatively little sediments 
have been deposited within the slide scar after the failure(s) occurred. The area where slide 
sediments accumulated is characterised by a hummocky topography indicating that the 
sediment failure(s) has affected both unconsolidated and more consolidated sediments, i.e. 
smaller and larger blocks floating in an unconsolidated matrix (Figure 4). The distal slide 
accumulation is draped by 1 - 2 m of hemipelagic sediments. The Trænadjupet Slide is 
probably relatively young (late Pleistocene - Holocene ?) because: i) the slide scar forms a 
prominent relief within the present sea floor , and ii) the slide-affected area is draped by a 
relatively thin layer of hemipelagic sediments. The existence of gas hydrates has been 
suggested on the base of bottom simulating reflectors observed in reflection seismic profiles 
and in (HF-OBH) high-frequency ocean bottom seismic data. The decomposition of these gas 
hydrates and the emergence of mud diapirs at the headwall of the slide may have triggered the 
slide event. 

Figure 2: Area on the Mid Norwegian Margin continental slope where the Trænadjupet Slide 
events eroded the sea floor. The seismic profiles are indicated by solid lines and the core 
stations by solid circles. 
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Figure 3: Cross­section of the Trænadjupet Slide showing the head walls. 

Figure 4: Large, up to 100 m high sediment block floating in an unconsolidated matrix shown 

in (top) the side­scan sonar and (bottom) the sediment profiler record. 

At the Storegga Slide region, geophysical studies of gas hydrates at a drill site location 

(Mienert & Bryn, 1997) show an unusual acoustic pattern of bottom simulating reflectors 

(BSR). A classical BSR indicates the lower boundary of hydrate occurences (BSR 1) which is 
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detectable by means of seismic methods if an interface between hydrated sediments and free 
gas bearing layers gives rise to a sufficient (negative) impedance contrast (Figures 5 and 6). 
ENAM ocean bottom hydrophone (HF-OBH) and acoustic profiling seismic data, which are 
from the area N W of the drill site, show two BSRs, the deeper one indicating the base and the 
shallower one, the top of the hydrate zone (Posewang & Mienert, subm.) (Figures 5 and 6). 
Using average compressional wave velocities the deeper BSR (BSR 1) is placed at approx. 285 
mbsf, which corresponds well to the theoretical base of the hydrate stability zone (HSZ) 
(Posewang & Mienert, subm.). The calculated geothermal gradient using the phase diagram is 
approx. 50°C/km, which is in agreement with the measured temperature gradient of 50°C/km 
in the bore hole (pers. comm. Norsk Hydro) where the strong BSR occurs at about 270 mbsf. 
The BSRs show a patchy distribution and lateral consistency, and moreover are not 
continously traceable such as internal lifhological reflections. At the present research is 
concentrating on the environmental P-T conditions which may have changed the hydrate 
stability zone. 

Figure 5: Section of a seismic reflection profile based on a 2-liter airgun and a 6-channel 
streamer. Anomalously high amplitudes of cross horizons and a phase reversal are typical 
indicators for the existence of free gas below BSR 1. The top of the gas hydrates is called BSR 
2. The zone between BSR 1 and BSR 2 is called the hydrate existence zone (HEZ), in contrast 
to the hydrate stability zone (HSZ). 
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Figure 6: High­frequency ocean bottom hydrophone (HF­OBH) data shows a low and high 

velocity zone in the velocity­depth model, which provide evidence for a zone of free gas and a 

storey­like appearance of gas hydrates. 

Modelling of the FISZ development for the time period from the Last Glacial Maximum 

(LGM) to the present indicates that the HSZ decreased between 120 and 40 metres depending 

on water depth. At about 1000 m water depth, the HSZ decreased by about 80 metres. Since 

changes in the HSZ are apparently long­term processes, we are still far away from 

understanding the sea floor reactions and developments involved in such a scenario. This is 

particularly true for the case where the BSR is extending directly into the glide plane of the 

Storegga Slide (Figures 7 and 8) (Mienert et al., 1998). The identification of pockmarks and 

mud volcanoes on the continental slope (Vogt et al., 1997; Mienert et al., 1998) and craters on 

the shelf (Solheim and Elverhoi, 1993) point towards ongoing or past gas/fluid escape 

processes (Mienert and Posewang, in press). 

1^2 
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Figure 7: Section of a seismic reflection profile based on a 2-liter airgun. The shallow BSR 
(BSR 2) occurs at the same depth as the glide plane of Storegga at approximately 75 m depth 
below the sea floor. 
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Figure 8: P-T diagram calculated with the equiphase hydrate program (DBRR, 1995). The 
temperature line crosses the stability curve at a depth of 285 m below the sea floor indicating 
the HSZ base at BSR 1. 
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