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ABSTRACT

A MODEL FOR BACKSCATTERING ANGULAR RESPONSE OF GASSY 

SEDIMENTS: APPLICATIONS TO PETROLEUM EXPLORATION AND

DEVELOPMENT PROGRAMS

by

Luciano Em idio Neves d a  F onseca 

U niversity of New H am pshire, D ecem ber 2001

The location a n d  d is tribu tion  of near-su rface  gas in  con tinen ta l 

m arg ins is  of p a rticu la r  in te re s t for oil exploration an d  developm ent 

program s. The p resence  of gas seepages c an  be  evidence of th e  possible 

existence of su b su rface  hydrocarbon  reservoirs. G as is also a  po ten tial 

haza rd  for offshore facilities, a s  it decreases th e  s tren g th  of 

unconso lida ted  sed im en ts  increasing  th e  risk  of seafloor failu res an d  

slum ps.

Acoustic rem ote  sen sin g  system s su c h  a s  m u ltibeam  a n d  sidescan  

so n a rs  can  be  u se d  for m app ing  an d  detection  of n ear-su rface  gas in  

m arine sed im ents. T hese sy stem s provide a  realistic  depiction of th e  

seafloor by m ean s of th e  s im u ltan eo u s acqu isition  of co-registered high- 

reso lu tion  ba th y m etry  a n d  calib ra ted  seafloor b ack sca tte r. The

xi
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recognition of gas signa tu res in acoustic  rem ote sensing  d a ta  depends on 

the  p roper m odeling of the  acoustic b acksca tte r response. In th is  thesis , 

a  h igh frequency b acksca tte r m odel th a t tak es in to  accoun t the  am o u n t 

of free gas in the  sed im ents is proposed. Inversion of th is  m odel is u sed  

to estim ate  the  d istribu tion  of near-su rface  gas in  the  sed im enta iy  basin . 

Additionally, analysis of b ack sca tte r im ages an d  detailed bathym etry  

reveals anom alous seafloor features, w hich are associated  w ith gas 

expulsion.

The acoustic  rem ote sensing  d a ta  is analyzed in conjunction  w ith 

o ther layers of inform ation available in the  exploration region, including 

a  core da tabase , s tru c tu ra l m aps, location of wells, geochem ical d a ta  and  

geophysical da ta . This analysis a ttem p ts  to link anom alous acoustic  

back sca tte r on the  seafloor to sub-su rface  s tru c tu re s , a  necessary  step 

tow ard the  u n d e rs tan d in g  of the  stra tig raph ic  or tectonic contro l of 

seafloor seepages. New visualization techniques, w hich take advantage of 

3D tools an d  GIS in tegration, a re  u sed  to help analyze and  u n d e rs ta n d  

these  complex rela tionsh ips in a  n a tu ra l an d  in tuitive m anner.

xii
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INTRODUCTION

T errestrial hydrocarbon exploration an d  production  h a s  benefited 

greatly  from aerial photography an d  electrom agnetic rem ote sensing. In 

the  offshore, however, w here optical and  electrom agnetic sensors are of 

lim ited value, we m u st tu rn  to acoustic  techn iques to provide detailed 

inform ation on the  n a tu re  of the  seafloor and  the  subsu rface. The 

application  of “acoustic  rem ote sensing  techn iques” to problem s of 

hydrocarbon  exploration and  production  is in  its na issance . This th esis  

explores the  potential of th is  app roach  and  in  p a rticu la r the  u se  of high- 

reso lu tion  m ultibeam  so n ar da ta , in com bination w ith newly developed 

analy tical and  visualization techn iques for be tter u n d e rs tan d in g  bo th  the 

hydrocarbon  an d  geohazard poten tial of offshore regions.

The th esis  begins w ith a  brief review of the  application  of 

trad itional rem ote sensing  techn iques to te rrestria l hydrocarbon  problem  

an d  th en  a  review of the  acoustic  techn iques u sed  in the  offshore (in th is  

in troduction). In C hap ter 1 a  new  m odel is developed for the  high- 

frequency back sca tte r angu la r response  of gassy sedim ents. This m odel 

can  be u se d  to b e tte r in te rp re t the  acoustic  response  of seafloor 

sed im ents an d  potentially  for the  d irect extraction of th e  gas-con ten t of 

near-su rface  sed im ents from acoustic  da ta . C hap ter 2 describes the 

developm ent of an  app roach  for u s in g  bo th  a  2-D GIS an d  an  innovative

R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.



in teractive 3-D GIS system  for analyzing the  com plex in te r-re la tionsh ips 

am ongst m ultiple geological and  geophysical d a ta  sets. Finally, in 

C hap ter 3, bo th  the  m odel an d  the  interactive GIS are  u sed  to explain 

the  cause  of acoustic  backsca tte r anom alies in  the  near-su rface  

sed im ents of a  hydrocarbon rich -area  off the  coast of n o rth e rn  California.

R em ote S en sin g  Applied to  Hydrocarbon Exploration

E lectrom agnetic rem ote sensing  and  aerial pho tog raphs have been 

u sed  for decades a s  an  aid for locating geologic s tru c tu re s  th a t  m ay 

con ta in  oil an d  n a tu ra l gas. These techn iques are  incorporated  early  in 

exploration program s a s  a  reconnaissance-m apping  tool for a  large 

region, and  th en  u sed  for the  selection of sm aller a reas w ith lower 

exploration risk. Subsequently , the  selected a reas are  exam ined in  detail 

by applying m ore expensive subsu rface  geophysical techn iques su c h  as 

seism ic reflection an d  refraction. The cen tral idea is to focus the  more 

expensive exploration techn iques in regions of h igher petro leum  

potential.

The analysis of rem ote sensing  d a ta  in su p p o rt of petro leum  

exploration is based  on the  spatia l and  spectra l s igna tu res  of ta rge ts  in 

the  im ages (Berry an d  Prost, 1999). The spatia l s igna tu res  include the 

geomorphology, s tru c tu ra l a rrangem en ts , regional s tru c tu ra l tren d s  as 

well a s  d is tribu tion  of fau lts an d  folds. The spatia l s igna tu re  also

includes the  tex tu re  im prin ted  by different surface m ateria ls on the
2
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image. On the  o ther hand , the  spectra l signatu re  reveals varia tions in 

electrom agnetic energy reflected or em itted by different m ateria ls exposed 

on th e  land  surface.

The spatia l signatu re  of a  rem otely sensed  image show s im portan t 

e lem ents of the  geologic s tru c tu ra l fram ework based  on w hat is observed 

on the  surface. As exploration con tinues, th is  surface expression can  be 

re la ted  to subsu rface  s tru c tu res , u sing  additional inform ation from 

know n wells or seism ic lines. This analysis is essen tia l for the  

identification of s tru c tu ra l h ighs su ch  a s  an ticlines an d  dom es, w hich 

a re  prim ary exploration targets. Exam ples of s tru c tu ra l inform ation th a t  

a re  typically derived from rem ote sensing  d a ta  are the  dip angle of rock 

layers and  the  surface expressions of folds. Folded s tru c tu re s  are 

recognized by the  opposing dips of rock layers an d  by the ir topographic 

expression. O ther techn iques for recognizing these  s tru c tu re s  include the  

identification of atypical drainage or vegetation, irregu lar jo in t p a tte rn s , 

a n d  anom alous m ineral d istribu tions. Additionally, frac tu re  s tru c tu re s  

a re  identified a s  linear fea tu res on rem ote sensing  im ages. This app roach  

h a s  been one of the  m ost com m on applications of rem ote sensing  da ta , 

allowing for the  m apping  of jo in ts , fau lts an d  the ir offsets, th ru s ts , 

rollovers, slides an d  o ther linear expressions on the  surface. Besides the  

s tru c tu ra l inform ation, rem ote sensing  can  be u sed  to delineate 

sed im entary  b asin s  an d  directly locate outcrops. Remote sensing  im ages

3
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also serve a s  base  m aps for insta lla tions an d  o ther logistical a spec ts  of 

th e  hydrocarbon  production  process.

The proper processing and  in terp reta tion  of rem otely sensed  

im ages perm it the  classification of surface m ateria ls an d  the ir properties. 

In m any  cases, it is possible to d iscrim inate lithologies an d  to 

differentiate the  surface d istribu tion  of m ultiple form ations or rock  u n its . 

This d iscrim ination is based  on bo th  spectra l an d  spatia l s ignatu res. 

C lassification techn iques based  on the spectra l signa tu re  of surface 

m ateria ls are  norm ally applied to m ultispectra l rem ote sensing  da ta . In 

a  m ultispectra l image, each  pixel is a  m ultid im ensional vector contain ing  

th e  reflectance of surface m ateria ls in  various spectra l windows. For the 

classification, each  pixel is trea ted  as a  m ultivariate variable th a t  is 

assigned  to a  c lustered  c lass based  on some sta tis tica l d istance. For 

single b and  rem ote sensing, the  classification is norm ally based  on the  

spa tia l signa tu re  observed on the  image. Different spatia l s ig n a tu res  are 

re la ted  to the  d istribu tion , to the  erosional charac teristics  an d  to the  

variation  of the  exposed m ateria l (Chavez & G ardner, 1994). These 

anom alous d istribu tions are  observed a s  a  tex tu re  p a tte rn  of a  pa rticu la r 

ta rge t on the  image. A typical exam ple is the  classification of ra d a r  

im ages, w hich rely m ainly on tex tu ra l differences (M iranda et al., 1997).

Remote sensing  analysis is also u sed  in the  d irect detection  of 

hydrocarbons. The detection is done though  the  identification of surface

4
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expressions and  surface indicators of the  possible p resence of a 

subsu rface  hydrocarbon reservoir (Mello et al., 1990). In accordance with 

the  principle of vertical m igration, hydrocarbons escape from a 

subsu rface  reservoir, leaking th rough  an  im perfect cap rock or by 

reservoir spill, an d  th en  m igrate upw ard  w here they  m ay be trapped  in 

sed im ents an d  soil (Rice, 1985). Applying th is  principle, the  location of 

hydrocarbon seepages w as one of the  m ost successfu l of the  early 

prospecting  techniques. M ost of the  world’s m ajor petro leum  producing  

a reas  were first explored because of a  visible seepage of oil or gas (Link, 

1952).

H ydrocarbon seepages can  be located in rem ote sensing  im ages 

though  the  analysis of the  spectra l behavior of surface targets. The 

m apping  is done th rough  the  identification of s tressed  vegetation or 

th rough  the  detection of a ltera tions on surface rocks (Oliveira and  

C rosta, 1996). Some p lan ts  abso rb  traces of hydrocarbons p resen t in  the 

soil, and  consequently  display abnorm al spectra l s igna tu res  and  

variation in density . In som e cases, variations in the  d is tribu tion  of p lan t 

species were reported  due  to the  presence of hydrocarbons in the  soil. 

Additionally, hydrocarbon  seepages induce diagenetic reactions on 

surface rocks. These altered  rocks show different spectra l behavior in  a  

m u ltispectral image se t (Matthew, 1985).

5

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Remotely sensed  im ages are  also u sed  to help u n d e rs tan d  the 

tectonic control of seafloor seepages, since zones of fau lts  and  frac tu res 

often delineate a reas of h igher fluid escape (Mello e t al., 1990). W ith 

these  im ages, it is possible to define regional s tru c tu ra l tren d s an d  th u s  

determ ine w here the  application of surface geochem ical techn iques 

w ould be m ost successfu l in evaluating the regional hydrocarbon 

potential. The com bining of rem ote sensing  and  surface geochem istry can  

be applied to exploration of large a reas  a t a  fraction of the  cost com pared 

to conventional techniques.

M oving Towards Deep-W ater E xploration

In recen t years, hydrocarbon exploration h a s  moved offshore to 

deep-w ater ta rge ts  w here there  is still a  great po ten tial for finding new  oil 

reserves. In these  m arine regions, a  detailed depiction of the  offshore 

seabed  m orphology an d  geology is essen tia l for oil exploration and  

m ining. The sam e level of detail is required  for underw ater engineering 

applications su ch  pipeline laying, cable routing, platform  siting, etc. In 

addition, w ith the  U.N. Law of the  Sea Act, w hich confers sovereign righ ts 

in the  exclusive econom ic zones, (and potentially  beyond) th is  detailed  

depiction of the  seafloor will becom e extrem ely im portan t for the 

econom y of th e  m ajority of coasta l na tions.

An app roach  sim ilar to te rrestria l rem ote sensing  exploration is

essen tia l for the  study  of the  new vast an d  unknow n offshore prospecting
6
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areas . U nfortunately, the  conventional electrom agnetic rem ote sensing  

app roaches d iscussed  above are inadequate  for underw ater exploration 

(Joseph  e t al., 1997). W ater abso rbs electrom agnetic energy very rapidly 

due  to its strong conductivity and  dissipative characteristics , lim iting the 

u se  of electrom agnetic rem ote sensing  to very shallow  w ater. These 

problem s are amplified as the  w ater becom es m ore saline.

Acoustic waves, w hich propagate as m echanical v ibrations, 

however, are  m ore p ertin en t to underw ater exploration. Acoustic 

m ethods in the form of conventional single beam  echo sou n d ers  and  

seism ic profilers have been  u sed  for som e time. These two m ethods were 

th e  principal source for earlier seafloor m apping d a ta  (Tyce, 1986). 

Single beam  echo sounders u se  an  acoustic  tran sm itte r  an d  receiver 

(transducer) to m easu re  the  two-way travel time of a  so n a r signal to the 

seafloor; the  dep th  can  be derived from the two-way travel tim e if the 

so u n d  speed profile of the  a rea  is known. In addition  to basic 

m easu rem en ts  of two-way travel tim e, the  in tensity  of the  echo th a t 

re tu rn s  to the  tran sd u ce r (backscatter) an d  som etim es the  com plete 

waveform of the  re tu rn in g  signal are also recorded. The shape  of the 

waveform, the  back sca tte r and  the  two-way travel tim e can  be u se d  to 

determ ine som e of the  physical charac teristics  of the  seafloor (Djikstra, 

1990).

7
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Figure LI -  Single-beam echo sounder and its sparse sampling of the 

seafloor.

Single beam echo sounders are not able to provide a detailed 

morphological characterization of the seafloor comparable to what is 

possible with remote sensing techniques on land (Laughton, 1981). This 

limitation is due to the relative sparse sampling of the seafloor normally 

achieved by single beam echo sounders (Fig. 1.1). These systems do not 

provide lateral angular coverage, as they operate with only one vertical 

acoustic beam. An unrealistic amount of survey time is necessary to 

achieve detailed seafloor coverage with single beam echo sounders.

8
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Figure 1.2 -  Sidescan sonar mapping to produce a sonograph.

In recent years acoustic systems have been designed to provide 

complete seabed coverage, which was the major limitation of single beam 

echo sounders. The first attempt was the sidescan sonar, a system that 

uses an array of transducers to generate a fan-shaped beam of sound 

narrow in the along-track direction (navigation direction) and broad in 

the across-track direction (Fig. 1.2). The basic measurement of the 

sidescan sonar is the acoustic backscatter, although some systems 

achieve depth estimates by means of interferometric properties (Kolouch, 

1984). A seafloor acoustic image (sonography) can be assembled by 

properly co-registering the backscatter measurements. The main 

limitation of sidescan sonar is its inability to provide reliable bathymetric 

measurements.

9
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Figure 1.3 -  Multibeam acquisition geometry.

The next advance came with the development of the multibeam 

sonar, a system that measures depths simultaneously from a series of 

beams pointing at discrete angles of incidence in the across-track 

direction (de Moustier, 1988). Most multibeam sonars also collect 

acoustic backscatter information simultaneously with depth 

measurements, providing backscatter imagery spatially co-registered 

with the depth information. These systems combine the qualities of both 

single beam echo sounders and sidescan sonar. Instead of the sparse 

sampling associated with single-beam echo sounders, multibeam sonars

10
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provide reliable bathym etric  m easu rem en ts over a  wide an g u la r sector 

b en ea th  the vessel (Fig. 1.3). With p roper survey design, com plete 

seafloor coverage is achievable.

A ccessib ility  o f  A coustic  R em ote S en sin g  Data

Following the  extraord inary  developm ent of sw ath  m apping 

system s su ch  a s  m ultibeam  and  sidescan  sonars, accu ra te  bathym etric  

an d  back sca tte r d a ta  is now available for u n d e rw ater a reas . This 

developm ent w as a  consequence no t only of advances in sonar 

technology, b u t also in m arine positioning (Mayer et al., 1999). W ith the 

Differential Global Positioning System  (DGPS) precise navigation fixes are 

possible. This is e ssen tia l for acoustic  rem ote sensing  m apping  in  deep 

w ater. In addition, inertia l system s can  now provide reliable vessel 

o rien tation  m easu rem en ts , solving problem s associated  w ith vessel 

a ttitude . A nother im portan t developm ent w as in com puter p rocessing  

capability. M ultibeam  sw ath  system s produce enorm ous a m o u n ts  of 

d a ta , w hich m akes processing  an d  m anaging th is  inform ation difficult. 

Advances in real tim e com puting an d  d a ta  storage have perm itted  be tter 

d a ta  m anagem ent and  n ear time processing du ring  the  survey (Hughes- 

C larke et al., 1997). It is the  developm ents in  so n ar technology along 

w ith advances in  positioning, m otion sensors an d  processing  technology 

th a t  can now provide the  critical knowledge needed to determ ine 

accu ra te  seafloor dep th  inform ation.

11
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Acoustic rem ote sensing  d a ta  from sw ath  system s are now being 

collected continuously  in  hydrographic an d  bathym etric  operations. At 

the  m om ent, worldwide seafloor coverage is no t yet accessible, b u t  the 

n ecessa ry  d a ta  is slowly being acquired. After the  declaration  of the 

Exclusive Econom ic Zone (EEZ), w hich ex tends the  coastline to 200 m iles 

offshore, m any countries have begun system atic m apping  of the ir newly 

ex tended territory. In 1984, the  US Geological Survey launched  a 

program  u sing  a  long-range sidescan  sonar system  (GLORIA) to stu d y  the  

en tire  Am erican Exclusive Econom ic Zone, encom passing  m ore th a n  13 

m illion square  kilom eters (Groome et al., 1997). Sim ilar p lans to m ap  the 

com plete Brazilian Atlantic coast w ith precise sw ath  sonars are  in 

developm ent. The m ain objective of th is  project (project REMPLAC) is to 

evaluate the  potential of the  Brazilian legal C ontinen tal Self for m ineral 

exploration. In April 1999, the  New Zealand governm ent announced  its 

in ten tion  to claim  C ontinental Shelf righ ts for seabed resou rces by 2006. 

T his a rea  ex tends the  m aritim e boundaries of New Z ealand to far beyond 

the  Exclusive Econom ical zone. In order to ju stify  th is  claim , The Royal 

New Zealand Navy will conduct a  detailed seafloor m apping  of its  co ast in 

o rder to b e tte r delineate its  con tinen ta l shelf. S ta rting  in  2000, the  

Geological Survey of Ireland will begin a  com plete seabed  survey of the 

Irish  offshore territo iy . This survey will cover m ore th a n  900,000 square  

kilom eters, w hich is ten  tim es the  Irish  land  territory.
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In addition to EEZ spaw ned surveys, legacy d a ta  from m any  sw ath  

bathym etry  surveys have already covered various ocean basins, an d  in 

som e cases can  be accessed. The 'ETOPO-5' d a ta  set, from the  U. S. 

N ational Geophysical D ata C enter (NGDC), was generated  from  a 

com pilation of num erous elevation c h a rts  from land  an d  from  the 

seafloor, on a  5-m inute la titu d e /  longitude grid. Satellite a ltim etry  from 

The U.S. Navy GEOdetic SATellite (GEOSAT), from the E uropean  Remote- 

Sensing  Satellites (ERS-2 an d  ERS-2), and  from the TOPEX/ Poseidon 

satellite provide m easu rem en ts of the  m ean  sea  surface an d  gravity 

anom aly m aps from all the  oceans in a  1.5km  grid. A program  th a t 

system atically  covers the  entire  seafloor, sim ilar to the  L andsat p rogram  

on land, is a lready being d iscussed  in the  U.S. (Vogt et al., 2000).

M ultibeam  Sonar and Underwater Oil Exploration

M ultibeam  sonar d a ta  can  be u sed  in the geological in te rp re ta tion  

of oil exploration a reas in  the  m arine environm ent, playing the  sam e role 

a s  electrom agnetic rem ote sensing  im ages play in land  exploration. This 

so rt of d a ta  provides the  in te rp re ter w ith the  ability to ex trac t 

quan titative  inform ation ab o u t the  shape  an d  ch arac te r of the  seafloor. 

A lm ost all exploration techn iques d iscussed  for single b an d  rem ote 

sensing  exploration are  valid for seafloor b acksca tte r images.

The spatia l s igna tu re  can  be extracted  from th e  single band

b acksca tte r image an d  from  the  precise sw ath  bathym etry . T echniques
13
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sim ilar to those u se d  for single-band rem ote sensing  d a ta  can  th en  be 

applied to the  characterization  and  to the  classification of backscatter. In 

th is  way, geological analysis is done based  on surface expressions of 

s tru c tu re s  th a t a re  exposed in backsca tte r im ages (Davis et al., 1986). 

The spectra l signatu re  is n o t depicted in the  acoustic  rem ote image, as 

these  im ages are  norm ally acquired  a t one acoustic  frequency. Some 

a ttem p ts  have been  m ade to survey w ith dual-frequencies, providing a  

b e tte r potential to characterize underw ater te rra in s  (Ryan, 1995). 

A lthough there  is a  potential in th is  approach , th is  k ind  of d a ta  is no t 

widely available.

In som e cases the lack  of a  spectra l s igna tu re  in  acoustic  rem ote 

sensing  d a ta  can  be com pensated  by the  analysis of angu la r dependence 

of the  b ack sca tte r da ta . H ull-m ounted m ultibeam  system s m ap the 

seabed  th rough  a  wide variation in grazing angles (Fig. 1.3). The variation 

of b ack sca tte r s tren g th  as a  function  of the  grazing angle rep resen ts , for 

a  certa in  frequency, an  in h eren t property  of the  seafloor (Hughes C lark  et 

al., 1997). This angu la r variation  or angu lar signa tu re  reveals sub tle  

differences in the  b ack sca tte r response of different m ateria ls on the 

seafloor.

An acoustic  b ack sca tte r m odel is an  essen tia l tool to link an g u la r 

signatu res m easu red  by a  m ultibeam  sonar to seafloor properties. In th is  

th es is  we propose a  m odel th a t  predicts the  b ack sca tte r angu la r
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response  of m arine sedim ents as a  function of sed im ent properties, w ater 

dep th  an d  gas content. W hen applied to m ultibeam  sonar da ta , th is  

m odel can  be u sed  to predict and  recognize distinctive back sca tte r 

s ig n a tu res  caused  by the  presence of gas.

This m odel is im portan t because  the  location an d  d istribu tion  of 

near-su rface  gas in con tinen tal m argins is of p a rticu la r in te res t for 

offshore oil exploration and  developm ent program s. G as seepages can  be 

the  re su lt of upw ard  m igration from deep-seated  reservoirs and  th u s  a  

po ten tial ind icator of hydrocarbons. The identification of near-su rface  

gas by acoustic  rem ote sensing  techn iques could th u s  provide a  first 

evaluation  of the  hydrocarbon potential of an  offshore a rea  and  reduce 

considerably  the  exploration risk. G as is also a  poten tial h azard  for 

offshore engineering facilities, as  it reduces the  s tren g th  of 

unconso lida ted  sedim ents increasing  the  risk  of seafloor failures an d  

slum ps.

Using the  m odel developed, acoustic  rem ote sensing  d a ta  is 

analyzed in conjunction  w ith o ther geological, geophysical and  

geochem ical d a ta  from the  exploration area. The analysis a ttem p ts  to 

link  anom alous acoustic  b ack sca tte r on the  seafloor to sub -su rface  

s tru c tu re s , a  necessary  step  tow ard the u n d e rs tan d in g  of the  

stra tig raph ic  or tectonic control of seafloor seepages. Such  analysis is 

done w ith the  aid of a  G eographical Inform ation System  (GIS). A GIS
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system  acts as a  vast d a ta  repository, w here the  acoustic  rem ote sensing  

d a ta  will be analyzed in conjunction w ith o ther layers of inform ation 

available in the  exploration region. New visualization techniques, w hich 

take  advantage of 3D tools an d  GIS integration, are u sed  to help analyze 

an d  u n d e rs tan d  the  complex rela tionsh ips am ong layers in  a  n a tu ra l and  

in tuitive m anner.

16
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CHAPTER I

THE HIGH-FREQUENCY BACKSCATTERING ANGULAR RESPONSE OF 

GASSY SEDIMENTS

1.1 Abstract

A m odel for the  high-frequency b ack sca tte r an g u la r response  of 

gassy  sedim ents is proposed. For the  interface b ack sca tte r con tribu tion  

we adopted  the  m odel developed by Ja ck so n  et al. (1986), b u t added 

m odifications to accom m odate gas bubbles. The m odel p a ram eters  th a t 

are affected by gas con ten t are  the  density  ratio , the  sound  speed ratio  

an d  the  loss param eter. To a  first approxim ation , the  m odel roughness 

param eters are  n o t influenced by the  p resence of gas. For the  volum e 

b ack sca tte r con tribu tion  we developed a  m odel based  on the  presence 

an d  d istribu tion  of gas in the  sedim ent. We tre a t the  bubb les as 

individual d iscrete  sca tte re rs  th a t sum  to the  to ta l bubble  contribu tion . 

This total bubble con tribu tion  is th en  added to the  volum e con tribu tion  

of o ther scatters . The presence of gas affects bo th  the  in terface an d  the 

volum e con tribu tion  of the  b ack sca tte r angu la r response  in  a  com plex 

way th a t is dependen t on bo th  grain size an d  w ater dep th . The 

b ack sca tte r response  of fine-grained gassy sed im ents is dom inated  by 

the  volume con tribu tion  while th a t  of coarser-grained  gassy  sed im en ts is 

affected by both. In deep w ater (>400m) the in terface b ack sca tte r is only
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slightly affected by the  presence of gas while the  volum e scattering  is 

strongly  affected. In shallow  w ater the  in terface b ack sca tte r is severely 

reduced  in  the  presence of gas while the  volum e back sca tte r is only 

slightly increased . Two different se ts  of m ultibeam  d a ta  acquired  

offshore N orthern California a t  30kHz an d  95kH z provide raw  

m easu rem en ts  for the  b acksca tte r a s  a  function  of grazing angle. These 

raw  b ack sca tte r m easu rem en ts  are th en  reduced  to scattering  s treng th  

for com parison  w ith the  resu lts  of the  proposed model. The analysis of 

core sam ples a t  various locations provides local m easu rem en ts  of 

physical p roperties and  gas con ten t in the  sed im ents th a t, w hen 

com pared  to the  model, show general agreem ent.

1.2 Introduction

Fine-grained sedim ents from con tinen ta l m arg ins are frequently  

rich  in  bubb les of free gas (R ichardson and  Davis, 1998). These gas 

bubbles, even in  veiy sm all quan tities, can  dom inate an d  change the  

geoacoustic charac teristics of seafloor sed im ent an d  have a  significant 

effect on the  propagation  of acoustic  waves (Lyons et al. 1996, A nderson 

e t al., 1998, W ilkens an d  R ichardson, 1998). A nderson et al., (1998) 

describe th ree  types of bubbles in sedim ents, in order of increasing  size 

an d  d istu rbance: 1-in terstitia l bubb les w hich are very sm all bubb les 

w ithin  the  u n d isto rted  in te rstitia l pore spaces of the  sedim ent; 2- 

reservoir bubb les w hich are a  reservoir of gas occupying a  region of
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u n d isto rted  sed im ent solid fram ew ork larger th a n  the  norm al pore space; 

an d  3- sedim ent displacing bubbles w hich are bubble cavities th a t a re  

larger th a n  the norm al in terstitia l space an d  th a t  a re  su rro u n d ed  by 

e ither u n d is tu rb ed  or slightly d isto rted  sedim ents. While the  n a tu re  of 

the  effect on acoustic  propagation will differ w ith the  type of bubb les, in 

general, if gas bubb les are  trapped  in the  sed im ent s tru c tu re , their 

scattering  con tribu tion  will be stronger th a n  the con tribu tion  of o ther 

sca tte re rs  an d  will control the  to ta l backscattering  response. In th is  

paper, we propose a  high frequency (to 100 kHz) acoustic  b ack sca tte r 

m odel for the  seafloor th a t takes into accoun t the  con tribu tion  of gas 

bubb les an d  th en  we te s t the  m odel aga in st bo th  m ultibeam  so n ar 

b ack sca tte r d a ta  an d  core d a ta  collected in regions know n to have gassy 

sedim ents.

Traditionally, high frequency b ack sca tte r cross-section  m odels 

consider two different processes: interface scattering  an d  volum e 

scattering  (Ivakin, 1998). The interface scattering  occurs a t  the  w ater- 

sed im ent interface, w here the  seafloor ac ts  as a  reflector an d  sca tte re r of 

the  inciden t acoustic  energy. A portion of the inciden t acoustic  energy 

will be tran sm itted  into the  seafloor. This tran sm itted  energy will be 

sca ttered  by heterogeneities in the  sedim ent s tru c tu re , w hich are  the  

source of the  volume sca tte r (Novarini and  C aru thers, 1998). In the  

app roach  developed in th is  p aper we explore how th a t  these  two

con tribu tions are  affected by the  presence of gas.
19
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For the  interface back sca tte r con tribu tion  we have adopted  the 

m odel developed by Jack so n  et al. (1986), b u t added  m odifications to 

accom m odate gas bubbles. Interface backsca tte r is norm ally dependen t 

on the  acoustic  im pedance as well a s  the  acoustic  a tten u a tio n  in 

sedim ents, bo th  of w hich are affected by the  presence of gas. The resu lts  

of A nderson an d  H am pton (1980a, 1980b), who m odeled the  influence of 

gas bubbles on sed im ent properties, will be u sed  to estim ate  the  changes 

in interface backscatter.

Models for volume scattering  include refraction  a t the  w ater- 

sed im ent in terface an d  a tten u a tio n  in the  sedim ent, bo th  of w hich are 

a ltered  w hen gas is p resen t. For the  volume b ack sca tte r con tribu tion  we 

have developed a  m odel based  on the  presence an d  d istribu tion  of gas in 

the sedim ent. We trea t bubb les as individual d iscrete  sca tte re rs  th a t 

in tegrate  to create  the  to tal bubble contribution . The in tegration  is based  

on the  s ta tis tica l d istribu tion  of bubble sizes, derived from m easu red  

h istogram s in  m uddy sed im ents (Anderson e t al., 1998). This to tal 

bubble con tribu tion  is th en  added to the  volum e con tribu tion  of o ther 

d iscrete  sca ttere rs.

To tes t the  ideas outlined  above we u se  d a ta  collected on the  highly 

sedim ented Eel River m argin  offshore n o rth ern  California. The Eel River 

b asin  w as extensively investigated as p a rt of the  STRATAFORM (STRATA 

FORm ation on the  Margins) project, a  m ulti-year, m ulti-investigator
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program  funded by the  U.S. Office of Naval R esearch  (Nittrouer, 1998). 

D uring  th is  project, an  im m ense d a tabase  of m arine inform ation w as 

collected (Mayer e t al. 1999), including two different se ts  of m ultibeam  

so n ar b ack sca tte r d a ta  collected a t 30kHz an d  95kH z and  n u m ero u s 

core sam pling sites w ith m easu rem en ts of sed im ent physical properties 

an d  free gas con ten t. M ultibeam  sonar system s m ap  the  seabed th rough  

a  wide range of grazing angles, revealing sub tle  differences in  the 

b ack sca tte r response  for different m ateria ls on th e  seafloor (de M oustier 

an d  A lexandrou, 1991). In th is  study , m u ltibeam -sonar raw  back sca tte r 

m easu rem en ts  will be reduced  to scattering  stren g th  for com parison  w ith 

the  re su lts  of the  proposed model. The analysis of core d a ta  provides 

local m easu rem en ts  of physical p roperties an d  gas con ten t th a t a re  u sed  

a s  in p u t p a ram eters  for the  model. The m odel re su lts  a t the  core 

locations are  th en  com pared to the  m ultibeam  sonar m easurem ent.

1.3 Interface B ackscatter

The com posite roughness m odel developed by Ja ck so n  et al. (1986) 

estim ates the  in terface backscattering  cross section (crr) for a  p a rticu la r 

seafloor type a s  a  function  of frequency an d  grazing angle. It is based  on 

a  hybrid  m ethod th a t takes into accoun t the  Rayleigh-Rice sm all 

p e rtu rb a tio n  solution, w ith the  local grazing angle dependen t on the 

slope of the  large-scale surface. This m odel defines the  seafloor type 

b ased  on five p aram eters  th a t reflect sed im ent physical properties and
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seafloor roughness (Eq. (1)): a) two param eters for im pedance: sound  

velocity ratio  {v) an d  density  ratio  (p); b) one param eter for a ttenua tion : 

loss param eter (S), and; c) two p aram eters  for roughness: the  spectra l 

s tren g th  {(0 2 ) an d  the  spectra l exponent of bottom  relief (A). The acoustic  

frequency (j) and  the  grazing angle (8) of the  wave front w ith the  seafloor 

are  trea ted  a s  given param eters . The m odeling function  for ay is 

calcu lated  as a  com bination of the  Kirchhoff solution for grazing angles 

n e a r  vertical incidence and  the com posite roughness so lu tion  for o ther 

angles. The ac tu a l expression and  solution for Eq. (1) can  be found in 

M ourad and  Jack so n  (1989).

<rr(0 ,f )= F (0 ,f;  p,v,S,co2,X)

Or Interface backscattering  cross-section  per u n it  solid angle per u n it

area.

6 Grazing angle.

/  Frequency.

p  Ratio of sed im ent m ass  density  to w ater m ass density.

v Ratio of sed im ent sound  speed to w ater sound  speed.

8 Loss param eter: ratio  of im aginary to real wave n u m b er for the

sedim ent.
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(0 2  Spectral streng th  of bottom  relief spectrum  (cm4) a t  w avenum ber 1

cm -1

X Spectral exponent of bottom  relief spectrum

In ou r app roach  we assu m e th a t th is  interface backscattering  will be 

affected by the  presence of gas bubbles in the  sed im ent th rough  their 

im pact on seafloor geoacoustic properties. An ex tra  p a ram eter £, w hich is 

the  volume fraction of free gas in the  sedim ent, is added  to the  model. 

The m odel p a ram eters  m ost affected by the  gas con ten t are the  density  

ratio , the sound  speed ratio  and  the  loss param eter. While there  m ay be 

large-scale fea tu res su ch  as pockm arks or m ud  volcanoes (with length 

scales of 10’s to 100’s of m eters) associated  w ith gas expulsion, these  

fea tu res will have little influence on the  sm all footprin ts of the  95 kHz 

m ultibeam  echo sounder. T hus, to a  first approx im ation , we a ssu m e  

th a t  the  m odel roughness pa ram eters  will no t be influenced by the 

presence of gas.

The interface backscattering  cross-section  per u n it  solid angle per 

u n it  a rea  ay, modified to take  into accoun t the  gas co n ten t of sed im ents, 

is now dependen t on six param eters:

^X0,f)=F(d,f-, p{£),v(g),5(g),(o2)/1) (2 )

£ Free gas = gas volum e/  to tal sed im ent volume.
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The influence of gas bubbles on sedim ents w as m odeled by A nderson 

an d  H am pton (1980a, 1980b). We apply th is  app roach  to derive 

expressions for p(%), v(E) and  8(8,). One sim plification u sed  in th is  w ork is 

to consider m arine sedim ents a s  w a ter-sa tu ra ted  aggregates of particles 

w ith no rigid skeletal fram e. In doing th is, we follow the  app roach  of 

Ja c k so n  and  Ivakin (1998), who assu m e th a t the  sh ear m odu lus of 

elasticity  for the  m arine sedim ents is zero. This is a  reasonable  

a ssu m p tio n  for the  u p p er few decim eters of unconso lida ted  sed im ents 

(the probable lim it of penetra tion  of a  95kHz m ultibeam  sonar), especially 

for silt an d  clays (M ourad and  Jack so n , 1989). A nother assu m p tio n  is 

th a t  the  sed im ent volume does no t change w hen gas is added, i.e., gas 

ju s t  rep laces the  w ater in the sedim ent body. W ith these  assum ptions , 

the  density  ratio  of gassy sedim ent, w ith a  volum e fraction £ of free gas, 

will be:

P,-Z(j>*-Pg)
P .  <3>

Where:

p9 D ensity of the  gas. 

pw D ensity of in te rstitia l water.

ps D ensity of the  gas-free w a te r/sed im en t aggregate.
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The sound  speed in  gassy sed im ents is highly dependen t on the  

resonance  frequency of gas bubbles. The resonance frequency for a  gas 

bubble  of rad iu s  a, inside a  w a te r/  sedim ent aggregate is inversely 

proportional to the  bubble size (Eq. (4)).

«4»2 m { A p J  

W here,

f 0 Resonance frequency for a  gas bubble of rad iu s a. 

a Bubble rad ius,

y Po Bubble stiffness,

y Ratio of specific h ea t of the  gas.

Po A m bient hydrosta tic  p ressu re .

A Polytropic coefficient

The polytropic coefficient characterizes the  therm odynam ic p rocess 

involved during  bubble pu lsa tion  an d  the  re la tionsh ip  betw een bubble 

volum e and  p ressu re  (Anderson an d  H am pton, 1980a). In th e  range of 

frequencies of m ultibeam  sonar, the  full expression for the  polytropic
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coefficient A should  be u sed  (Eq. 5a). The auxiliaiy  variable B of Eq. 5b is 

the  therm al dam ping constan t.

/ x -sm x
r i  =  ( l  +  £ 2) 1 +

V (5a)

x(sinh x + sin x) -  2(cosh x-cosx)

(5b)

W here,

x = a

sp Specific h e a t a t  co n stan t p ressu re  of the  gas.

Cg Therm al conductivity  of the  gas.

One of the  m ost difficult quan tities to m odel is the  d istribu tion  of 

gas bubble sizes. G as bubb les in fine-grained sed im ents exist in a  range 

of sizes, b u t have rarely been  directly m easured . A nderson et al. (1998) 

u se d  an  X-ray CT scan n e r to produce both  a  qualitative an d  quan tita tive  

characterization  of bubble size population  from cores collected in m uddy  

sedim ents from Eckernforde Bay, on the  Baltic coast. Their techn ique 

h a s  a  reso lu tion  lim it of 0 .42 m m  and  th u s  th e ir size d istribu tion  

histogram s ap p ea r to be the  larger bubble segm ent of a  peaked size 

d istribu tion  sim ilar to th a t  seen for popu lations of bubb les in  seaw ater
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n e a r the  ocean surface (Farm er and  Vagle, 1989). The nu m b er of 

bubb les A nderson et al. (1998) observed in th e ir sed im ent sam ples 

increased  m onotonically a s  bubble size decreased. While they  were 

u nab le  to m easu re  bubbles sm aller th a n  0.42 m m , A nderson et al., 

(1998) specu late  th a t the  peak  in the ir size d istribu tion  m ay be n ear th is  

reso lu tion  limit, b u t they also p resen t c ircum stan tia l evidence (the 

increase  in  norm ally inciden t energy betw een 15 an d  30 kHz, re tu rn ed  

from the sedim ent-w ater interface) for the  existence of very sm all bubble 

in the  u p p e r few cm  of the  seafloor. The h istogram s of bubble size in 

m uddy  sed im ents depict slightly sm aller bubble sizes th a n  those  found 

in w ater due  to the  higher viscosity of the  m ud. Boyle an d  Chotiros 

(1995) u sed  a  sim ilar h istogram  for bubble sizes in  soft sedim ents. The 

h istogram  used  in ou r exam ples is based  on these  th ree  previous w orks 

an d  is norm alized for a  w ater dep th  of 20m . It follows the d istribu tion  

m easu red  by A nderson et al. for the  larger bubble fraction an d  allows the  

probability  of sm all size bubb les as d iscussed  by Boyle an d  C hotiros. The 

m inim um  bubble rad iu s  u sed  in the  m odeling is 180pm, w hich is the  

resonance  rad iu s  a t  95kHz for the deepest p a rt of the  survey area. For 

bubb les larger th a n  the  m inim um  size, the  h istogram  decreases 

m onotonically w ith a  c o n s tan t slope on a  log-log g raph  (Fig. 1.1). The 

d ashed  p a rt of the  h istogram  w as no t actually  u sed  in  the  calcu lations, 

and  show s only a  probable theoretical shape  for the  bubble size
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distribu tion . B ased on th is histogram , we can  define a  probability density  

function  z(a) of bubble sizes.

z{d) =
dZ„ (a) 

da
(6)

W here,

z  Probability density  function of bubble sizes

Za bubble d istribution: bubb les per u n it volume w ith rad iu s

less th a n  a.

E

E

OTa>
■Q
■Q
CO

m
I

16

itf

.510'

Re: onance a t 95kHz
102

10
Bubbles *|im  / rrf

1
10 100

Bubble radius size, rim
1000

Figure 1.1- Bubble size histogram . N um ber of bubb les per u n it  of volum e 

(m3) over a  bubble rad iu s  b in  of 1pm.
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For the  sound-speed ratio, we u sed  the  expression for gassy w ater 

fo rm ulated  by Silberm an (1957), b u t adap ted  for the  case of fine-grained 

sed im ents. The bu lk  m odulus of elasticity of the w ater, p resen t in  the 

original expression, is su b stitu ted  w ith the  bu lk  m odulus of the  gas-free 

w a te r/se d im en t aggregate.

cs Sound  speed for the  gas-free w a te r/sed im en t aggregate.

cw Sound  speed in water.

The expressions for Xi an d  Y1 are  the  sam e u sed  by A nderson and  

H am pton (1980a), modified to take  into accoun t the  proposed bubble 

d istribu tion .

•y)
c

W here,

z(a)da

(8a)
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(8b)

W here:

Bubble dam ping constan t.

// Viscosity of the  gas-free w a te r/  sed im ent aggregate.

The a tten u a tio n  of sound  in  the  aggregate is also a  function  of the 

bubble d istribu tion  (Anderson an d  H am pton, 1980a), an d  can  be 

expressed  as:

W here,

a(§) -  A ttenuation coefficient in d B /m  for a  gassy sed im ent

Finally, the loss p aram eter is defined as the  ratio  of the  im aginary  

p a rt to the real p a rt of the  com plex sedim ent acoustic  w avenum ber. It is 

rela ted  to the  a tten u a tio n  coefficient, the  frequency an d  the  sound-speed  

in  the  gassy sed im ent (M ourad an d  Jack so n , 1989).
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S(n  = a (£M £K  ln(1Q)
w  (10)

1 .4  V olum e B ackscatter

In a reas  predom inantly  covered w ith sedim ents, the  volume 

scattering  from sub-bottom  sedim ent layers or from discrete  sca tte re rs  

w ith in  the u p p er sed im ent layers can  con tribu te  extensively to the  total 

backscattering  cross section in tensity . The m odel for volum e scattering  

shou ld  include refraction a t the  sedim ent interface an d  a tten u a tio n  in 

the  sed im ent itself. On a  rough seafloor, the penetra tion  of the  acoustic  

field in the  sed im ent is very sm all for grazing angles sm aller th a n  the 

critical angle. This is a n  im portan t issue  because  th is  reduces drastically  

the  volume backscattering  con tribu tion  for shallow  grazing angles. The 

refracted energy will be a tten u a ted  as it travels th ro u g h  the  sed im ent 

stru c tu re , m aking the  a tten u a tio n  coefficient a  key pa ram ete r for the 

estim ation  of volume scattering.

In the ir app roach  for determ ining volume sca tte r, Ja c k so n  and  

Briggs (1992) consider the  sed im ent a  statistically  hom ogeneous sem i

infinite propagation  m edium  delim ited by a  rough surface. W ith th is  

sim plification they define a  volume backscattering  cross section 

equivalent to the  interface, u sin g  a  sim ilar solution to th e  one proposed 

by S tockhausen  (1963). The to ta l volume con tribu tion  is dependen t on a

free p aram eter <J2, w hich is calcu lated  based  on the  ratio  of the  sed im ent
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volum e scattering  cross section to sedim ent a tten u a tio n  coefficient. In 

o u r proposed model, we regard the  param eter 02  a s  a  m easu rem en t of the 

volum e con tribu tion  of general heterogeneities. Its equivalent volume 

scattering  c ross section will be added to the  calcu lated  volum e scattering  

cross section from gas bubbles.

The scattering  m echanism  of bubb les in a  lossy fluid w as stud ied  

by A nderson and  H am pton (1980b). In th e ir form ulation, th e  to tal 

scattering  cross section of sound  though  a  bubble screen  is highly 

dependen t on the  resonance frequency of the  bubbles. The ac tu a l 

acoustic  cross-section  a t resonance can  be h u n d red s  of tim es the  bubble 

physical cross-section . If we have a  d istribu tion  of bubble sizes in  the 

sed im ent body, we can  calculate the  sed im ent volum e backscattering  

cross-section  per u n it  of volume, a s  the  sum  of the  con tribu tion  of all 

individual bubb les w ith in  th a t volum e (Boyle and  Chotiros 1995). The 

following expression  ex tends the  form ulation of A nderson and  H am pton 

(1980b) for the  probability density  function  of bubble sizes of Eq. (6).

2* = -z(a)da ( 1 1 )

W here,

Zb -  b ackscattering  cross section for a  bubble d istribu tion .
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The volume backscattering  cross section of bubb les Eb is calcu lated  

per u n it  of volume, as the  bubble d istribu tion  accoun ts for n u m b er of 

bubb les per u n it of volume. Consequently, Eb should  be scaled to reflect 

th e  volum e fraction of free gas £  This scaled con tribu tion  is th en  added 

to the  volume scattering  cross section of o ther heterogeneities (other th a n  

gas bubbles), a s  described by the  param eter 0 2 . The to tal volum e 

scattering  cross section will be:

5(£E, +CT2a ( f ) k , y  i ! (0)f sin! (0)
< 7  { ( ) )  = ------------ — ...................................... ...........................................................................................

AQnf\P{6)\lm\P{d)\ (12)

W here,

<rv Volume backscattering  cross-section  equivalent to the  interface.

02  Volume scattering  param eter.

R(9) Complex reflection coefficient.

P(0) Complex function for the  forw ard loss model, a s  defined in  M ourad 

an d  Jack so n  (1989)

The sm all scale backscattering  cross-section  of Eq. (2), a s  well as 

the  equivalent volume cross-sec tion  of Eq. (12), should  be averaged over 

the  bottom  slope to accoun t for the  effects of local slope and  shadow ing 

(Jackson e t al. 1986). The num erica l solution for Eq. (2) an d  Eq. (12)
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reveals a  complex rela tionship  involving grain-size, dep th  an d  gas 

fraction. In Fig. 1.2, the  m odel response is calcu lated  for various gas 

fractions using  two different grain sizes (left an d  righ t co lum ns of Fig. 1.2 

respectively). The sam e com putation  is repeated  for 3 different depths: 

50, 350 an d  800m  (rows of Fig. 1.2). The re su lt of th is  m odeling show s 

th a t  the b acksca tte r response of fine-grained, gassy  sed im ents is 

basically controlled by the  volume contribution , while coarser grain  size 

sedim ents p resen t bo th  volume and  interface b ack sca tte r  con tribu tions 

due to existence of gas.

In deeper w aters, the  interface backsca tte r is only slightly reduced  

by the presence of gas, a s a  consequence of the  h igher bubble stiffness a t 

h igher am bien t p ressu re  (Eq. 7). ). Bubble stiffness is defined a s  the 

p roduct of the  specific h e a t of the  gas and  the  am b ien t p ressu re  (y Po). 

On the o ther h an d , even sm all am o u n ts  of gas can  cau se  a  large increase  

in  the  volum e con tribu tion  in deep w ater, i.e. increased  scattering  cross- 

section (Eq. 12). In shallow  w aters, there  is a  severe reduction  in 

interface b ack sca tte r w ith an  increase  in gas con ten t. T his is due  to the 

decrease of sed im ent sound  speed in the  presence of gas below 

resonance  (Anderson e t al., 1998, W ilkens and  R ichardson, 1998). The 

volume b ack sca tte r con tribu tion  in shallow  w ater increases w ith 

increased  gas con ten t b u t m uch  less th a n  the  increases found in  deep 

w ater, a  re su lt of the  higher a tten u a tio n  from the  bubb les a t  lower
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am bien t p ressu re  (Fig. 1.2, bottom  row). T hus, in shallow  w ater, the  gain 

in volum e con tribu tion  is som etim es no t enough  to com pensate for the 

loss in interface backscatter, yielding a  n e t decrease  in the  to tal 

b ack sca tte r response.

An exercise sim ilar to the  one show n in Fig. 1.2 can  be done to 

verify the  frequency dependence of the  to ta l b ack sca tte r from gassy 

sed im ents. In general, scattering  a t lower frequencies h a s  higher volum e 

con tribu tions in gassy  sedim ents, m ainly due  to lower a ttenua tion . The 

in terface con tribu tion  to scattering  from gassy  sed im ents is relatively low 

a t lower frequencies.

A nother in teresting  exercise is to calcu late  the  model response  for 

the  range of seafloor roughness expected to be found in  sed im ents of the 

Eel River Margin, th a t is a>2 from 0 .00050 cm 4 to 0 .00200 cm 4, an d  A 

equal to 3 .25 (Anonymous, 1994). The re su lt of th is  m odeling show s th a t 

the  b ack sca tte r response  for grazing angles from 30° to 60° of gassy 

sed im ents h a s  a  m axim um  increase  of 1.2dB w hen the  seafloor 

roughness is changed from the  m inim um  to the  m axim um  value. O n the 

o ther h an d , the  roughness p aram eters  show  a  strong  influence in the 

b ack sca tte r response  in the  an g u la r secto r next to nadir, i.e. grazing 

angles from 60° to 90°. T hus, the  b ack sca tte r angu lar response of gassy 

sed im ents in the  angu la r sector from 30° to 60° is less affected by 

seafloor roughness, an d  appears  to be controlled by volum e contribu tion .
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Figure 1.2- S im ulation of m odel resu lts  for two different grain-sizes 

(columns) an d  th ree  different d ep th s  (rows). The m odel response  is 

calcu lated  for various gas fractions ranging from 0 to 0 .05 (5%). Model 

param eters for grain size 76 .9pm  are: v=1.061, p=1.757, 5=0.0193, 

W2 =0.00136 cm 4, y=3.25, (72=0.001; an d  for grain size 9 .0pm  are: 

v= 1.039, p= 1.664, 5=0.00272, w 2=0.00052 cm 4, y=3.25, o2=0.001.

36

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



1.5 A T est on  the Eel River Margin

As a  general te s t of the  ideas outlined above we u sed  m ultibeam  

so n ar and  core d a ta  collected from the  Eel River m argin  offshore 

n o rth e rn  California, a  region know n to be rich in  gassy  sedim ents. The 

offshore Eel River B asin  is located on the  easte rn  border of the  North 

A m erican Plate, from Cape M endocino extending 200km  no rthw ards to 

Cape Sebastian , Oregon (Field et al. 1980). The e as te rn  boundary  of the 

b asin  is the  coastline and  the  w estern  boundary  is the  con tinen ta l slope, 

w hich coincides w ith the  c ru s ta l plate boundary  w ith the  J u a n  de Fuca 

Plate.

This m argin  w as the  focus of a  m ulti-disciplinary, five-year ONR 

sponsored  study  of the  p rocesses responsible for generating  the  

preserved stra tig raph ic  record (STRATAFORM; N ittrouer, 1998). In the  

course  of th is study, an  im m ense d a tab ase  of m arine  inform ation h as  

been  collected (Mayer e t al. 1999), including two different se ts  of 

m ultibeam  so n ar bottom  back sca tte r collected a t  30kH z and  95kHz, and  

n u m erous core sam pling sites w ith m easu rem en ts of sed im ent physical 

p roperties and  free gas con ten t (Fig. 1.3).
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Figure 1.3- Location map showing acoustic backscatter mosaics on the 

Eel River Margin from two multibeam surveys: EM1000 at 95kHz (the 

mosaic closer to the coast), and EM300 at 30kHz (the mosaic in deeper 

waters). High backscatter is displayed in lighter shades of gray: low 

backscatter in darker tones. The brightness of the symbols is related to 

the amount of free gas in the sediment, as measured in core samples. 

The reference boxes demarcate the zoom areas for examples A, B, C and 

D.
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The m ultibeam  sonar d a ta  w as collected w ith a  S im rad EM 1000, 

95 kHz. m ultibeam  sonar installed  aboard  the  H um boldt S tate  University 

research  vessel Pacific Hunter. The EM 1000 form s 60 roll stabilized 

3.3°x2.5° beam s over a  sw ath w idth of 150 degrees in w ater dep th s u p  to 

200m . In deeper w ater, 48 beam s are produced over a  sw ath  w idth of 

120 degrees to abou t 600m  dep th  an d  60 degrees beyond 600m . In 

addition  to the  bathym etric da ta , the  EM 1000 also provides raw  

m easu rem en ts  of the  bottom  b acksca tte r as  a  function  of grazing angle 

for each of the  beam s. All acquisition  p aram eters  are  recorded an d  th u s  

the  raw  d a ta  can  be corrected for the  rem oval of the  tim e-varying gains, 

su ch  a s  source level, receiver sensitivity; an d  angle-varying gains. Given 

th a t  the  detailed  bathym etry  is know n from the  m ultibeam  tim e-of-flight 

m easu rem en ts , tru e  grazing angles w ith respec t to a  bathym etric  m odel 

can  be calcu lated  a s  well a s corrections for footprin t size an d  residual 

beam  p a tte rn  (Fonseca, 2001). Applying these  corrections, the  EM 1000 

back sca tte r d a ta  from the Eel River m argin  w as converted to tru e  

scattering  s tren g th  for com parison w ith the  re su lts  of the  proposed 

model.

In terp reted  m uch  like side scan  so n ar im agery (except w ith an g u la r

resolution), the  b ack sca tte r m osaic of the  Eel River m argin  reveals

several in te resting  spatia l p a tte rn s  (Fig 1.3). A zone of extrem ely high

back sca tte r (bright a reas  in Fig 1.3) is found in the  m iddle of the  w estern

(deep) edge of the  survey area. The high b ack sca tte r in  th is  region h a s
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been  correlated w ith the outcrop of a  large s tru c tu ra l feature (a b reached  

anticline) and  blocky c ru s ts  of au th igenic  carbonate  related to m ethane  

expulsion  (Orange, 1999b, Yun e t al., 1999). The h igh -backscatte r 

s treak s  in the  middle of the  survey a rea  are tho u g h t to be associated  

w ith grain  size changes and  the  outcrop  of in d u ra ted  sed im ent (Goff et 

al, 1999). More intriguing is the general trend  of high b ack sca tte r in  the  

deep w ater an d  low b acksca tte r in  shallow  w ater, a  re la tionsh ip  w hich is 

counter-in tu itive  w hen the  general tren d  of grain  size (decreasing from 

shallow  w ater to deep water) is considered. This enigm a w as noted  by 

Goff e t al., 1999 and  Borgeld et al., 1999 who suggest several possible 

m echan ism s (increased surface roughness in finer grained sed im ents, 

increased  penetra tion  and  con tribu tion  of subsu rface  layering in  finer- 

grained  sedim ents) for th is  anom alous relationship . The com plex 

rela tionsh ip  am ongst gas con ten t, w ater dep th  an d  grain size described  

in  the  m odel p resen ted  here, m ay offer ano ther possible explanation.

1 .5 .1  E vidence for Gas in  th e  Shallow  S ed im en ts o f  th e  Eel River  

Margin

The Eel River B asin  is a  tertia ry  forearc basin  w ith conditions ideal 

for the  generation and  m ovem ent of bo th  therm ogenic an d  biogenic gas. 

Deep seated  source beds com bined w ith differential sed im ent loading an d  

a  large am o u n t of tectonic activity have resu lted  in  overpressured  zones 

an d  the  m igration of gas from deep layers to the  surface an d  near-
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surface (Yun et al., 1999). In addition to the  deep sources of gas, 

extrem ely high m odern sed im entation  ra te s  an d  large qu an titie s  of 

organic m ateria l supplied  by n u m erous floods provide a n  excellent 

source of biogenic gas (Sommerfield and  N ittrouer, 1999). N um erous 

lines of evidence suppo rt the  ub iqu itous p resence of bo th  therm ogenic 

an d  biogenic gas in  the  sedim ents of the Eel River m argin. These 

include: 1- observation of gas p lum es in the w ater colum n (Yun e t al., 

1999); 2- d irect m easu rem en ts  on cores (Kvenvolden an d  Field (1981) 

an d  th is  s tudy  (Orange, personal com m unication); 3- seism ic evidence 

(wipeout zones and  o ther acoustic  anom alies), a t  a  range of frequencies 

from low frequency m ultichannel seism ic to h igh frequency boom ers, 

ch irp  sonars an d  3.5 kHz profilers (Field and  Kvenvolden, 1987,Yun et 

al., 1999); 4 -the  presence of au th igenic carbonates (Orange, 1999b) and  

near-su rface  hyd ra tes (Field an d  Kvenvolden, 1985); 5 -towed

electrom agnetic surveys (Evans, e t al., 1999), 6- surface s tru c tu re s  

associated  w ith gas (pockm arks an d  sedim ent failure features); and; 7- 

com m ercial gas fields onshore  w ith expected recovery of over 3 .34 km 3 of 

n a tu ra l gas (Parker, 1987).

While there  is overwhelm ing evidence for the  p resence of gas in the

sedim ents of the  Eel River m argin, the  more p e rtin en t question , w ith

respect to testing  the  m odel proposed here, is w hether there  is evidence

for gas in the  u p p e r few decim eters of the  sed im ent colum n. Given the

95 kHz frequency of the  m ultibeam  sonar u sed  to survey th e  area , we
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would expect th a t penetra tion  into, and  in terac tion  w ith, the  subsu rface  

would be lim ited to the  u p p er few decim eters (to p e rh ap s one m eter 

depending on sed im ent type and  grazing angle). The near-su rface  

d istribu tion  of gas is m ore difficult to quantify. A nderson et al. (1999) in 

th e ir study  of E ckem forde Bay noted th a t the  gas bubb les they were able 

to m easu re  (those greater th a n  0.42 m m  equivalent spherical radius) 

were no t p resen t in  the  u p p er few decim eters of th e  sed im ent colum n 

due to sulfate reduction . They do, however, report th a t  cores recovered 

from an o th e r bay (M edklenburg Bay) did show sm all gas bubb les in  the 

u p p er 2 cm  of the  sedim ent colum n an d  th a t  frequency dependen t 

reflectivity d a ta  from  Eckernforde Bay im plied the  p resence  of very sm all 

bubb les in the  u p p e r few cm ’s of the  seafloor.

Several lines of evidence (both indirect and  direct) imply th a t  gas 

m ay be p resen t in the  u p per few decim eters of the  sed im ents of the  Eel 

River m argin. Unlike E ckem forde Bay w hich is a  sem i-enclosed fjord

like bay w ith bottom  w aters th a t often experience hypoxia and  

occasionally anoxia an d  w hose gas source is strictly  biogenic (R ichardson 

and  Davis, 1999), the  Eel River basin  is an  open ocean con tinen ta l 

m argin environm ent w ith well m ixed w ater m asses  an d  bo th  therm ogenic 

and  biogenic sources of gas. H igh-resolution 3.5 kHz, boom er an d  chirp 

sonar d a ta  all show  regions of “w ipeout zones” (acoustic tu rb id ity ), some 

of w hich extend to the  surface an d  even into the  w ater colum n (Field and

Kvenvolden, 1981, Yun et al, 1999, an d  Fig 1.4). In addition  reduced
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halos an d  m ats  of the  sulfate oxidizing bacterium  Beggiatoa sp  have been 

seen  on  the  seafloor in a reas of the  Eel River m argin  (Orange, 1999b) 

ind icating  the  slow seepage of m ethane to the  seafloor. F u rth e r evidence 

for near-su rface  gas is provided by Evans e t al. (1999) who m ade 

resistivity  m easu rem en ts  using  a  towed electrom agnetic senso r and  

in te rp re ted  low ap p aren t porosities to indicate the  presence of gas in  the  

u p p e r few m eters of the  sedim ent colum n, particu larly  in the  shallow  

w ater regions of the  Eel River m argin, w hich show ed anom alously  low 

backscatter.

D irect evidence of the  presence of shallow  gas in  the Eel River 

m argin  com es from the analysis of gas co n ten t in shallow cores. 

Kvenvolden an d  Field (1981) analyzed 1 to 2 m  long gravity cores from a 

diapiric s tru c tu re  in the  deeper w aters of the  Eel River basin  (400 -  

500m) an d  found high concen tra tions of m ethane  (both biogenic an d  

therm ogenic) th ro u g h o u t the  cores including sam ples from dep th s as 

shallow  a s  6 -  14 cm below the seafloor. As p a rt of th e  STRATAFORM 

project, h u n d red s  of cores were collected in  the  Eel River basin  w ith 

som e showing visual evidence of gas (Borgeld e t al, 1999); a  sm all 

n u m b er of these  cores were analyzed for gas conten t. A su b se t of those 

analyzed, rep resen ting  m ultiple sam ples from  a re a s  of differing 

backscatter, dep th , an d  gas con ten t are  u se d  here  to te s t  the  proposed 

m odel. The a re a s  an d  core-sites selected are show n in Fig. 3.
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gas in water column 
and sediment

tW  4<H

Figure 1.4- Evidences that gas may be present in shallow sediments of 

the Eel River margin: a) High-resolution 3.5 kHz chirp profile, showing a 

region of acoustic turbidity, which extends to the surface and into the 

water column; b) Same area surveyed by a 100kHz sidescan sonar. See 

Fig. 3 for location. Source: Neal Driscoll.

The core data presented here were collected by Dan Orange on the 

University of Washington research vessel Thomas Thompson (Cruise 

TN096) in 1999. During this leg, several types of cores were collected
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includ ing  V ibracores, p iston  cores and  box cores; core leng ths ranged 

from  m ore th a n  5 m  to less th a n  25 cm. Analysis of gas con ten t followed 

the  procedure  of Kvenvolden an d  Redden (1980) w hereby sed im ent is 

tak en  im m ediately after core recovery from an  approxim ately  10 cm 

in terval of the  core (typically ab o u t 10 cm  above its base). The sedim ent 

is ex truded  from the core liner into a  0.951 can  w ith two septa-covered 

holes on the top. Sodium  azide is added to the sam ple an d  the  w ater 

level ad ju sted  u n til a  1 OOml-headspace rem ains. The sam ples are  th en  

sealed and  frozen for la ter analysis in the lab. In the  laboratory , the 

sam ples are thaw ed and  sh ak en  for 10 m inu tes an d  the  headspace  

sam pled by syringe for hydrocarbon  gases. Analyses were perform ed on 

an  HP gas chrom atograph  w ith bo th  flame ionization a n d  therm al 

conductivity  detectors.

It m u st be noted th a t  while these  analyses are indicative of the

presence, absence an d  p e rh ap s relative ab u n d an ce  of gas a t  a  sam ple

location, they do no t provide an  accu ra te  m easu re  of th e  in situ

ab undance  of free gas in the  sam ple, and  in particu la r, in  th e  u p p er

decim eters of the  seafloor. T hus, while we report th e  m easu red  value in

Table 1, we will u se  these  values only a s  ind icators of the relative gas

con ten t of the  seafloor sedim ents. In addition to the  gas con ten t, the

m ean  grain size, so u n d  speed an d  sa tu ra ted  bu lk  density  of th e  sed im ent

were also m easu red  on the  core sam ples. These d a ta  are p resen ted  in

Table I and  are u sed  as in p u ts  into the  model p resen ted  above. There
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are no available m easu rem en ts for the  sed im ent roughness and  

com pressional wave a tten u a tio n  for the  stud ied  sites. For these  values, a  

param eterization  in  term s of the  bu lk  grain  size w as u se d  following the 

m ethod described in  the  APL-UW H igh-Frequency O cean E nvironm ent 

Acoustic Models H andbook (Anonymous, 1994).

Core G rain

-Size

(pm)

Sound

Speed

(m /s)

D ensity

(kg /m 3)

W ater

D epth

(m)

Gas

Fraction

Gas

Conten

t

Site

HS4 9.0 1552 1786 318 0.0954 V. High A

HS5 9.0 1553 1809 320 0.0951 V. High A

K130 9.0 1543 1701 125 0.0 None A

K110 16.7 1544 1696 114 0.0 None A

K90 16.7 1545 1690 104 0.0 None A

S280 9.6 1583 1800 258 0.075 High B

RS290 9.6 1583 1800 267 0.067 High B

S I 50 13.6 1567 1794 151 0.0 None B

0 4 5 76.9 1575 1796 39 0.01 Low C

P40 125.0 1560 1784 40 0.0 None C

High 4.8 1530 1680 607 n.a. n .a D

Low 3.9 1522 1651 670 n.a. n .a D

TABLE I -  Physical properties m easured  a t  selected core sites.

While would be be tter to have the  grain full size d is tribu tion  in

order to explain backscattering  differences due  to physical properties,
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only the  m ean  grain size w as available for the  core sites. The p aram eter 

02  c an n o t be directly m easured , and  one average value (0.01) w as u sed  

(Anonym ous, 1994). This assum ption  can  lead to an  overestim ate of the  

effect of gas bubbles, since 02 is a  m easu rem en t of sed im ent 

heterogeneities o ther th a n  gas. F ortunately  the  effect scattering  

con tribu tion  of gas bubbles is norm ally m any  tim es higher th a n  the  

con tribu tion  of o ther scatterers, m aking the  u se  of a  co n stan t 0 2  an  

acceptable assum ption . A nother factor th a t  would increase the  volum e 

con tribu tion  is the presence of m ultiple scattering  (Jackson  e t al, 1998). 

Table II show s values of physical p a ram eters  th a t  are  com m on for all four 

exam ples. The m odel w as ru n  for each  core site u sin g  the p aram eters  

p resen ted  in Tables I and  II; these  re su lts  a s  well a s  com parisons to the 

m easu red  m ultibeam  sonar back sca tte r in the  a rea  will be d iscu ssed  in 

the  next section.

1 .5 .2  Area A (Humboldt Slide) m id-depth range

Area A (Fig. 1.3) encom passes five core locations, w hich have

variable gas fractions and  associated  backscatter. Cores HS-4 an d  HS-5

have high gas fractions: 0.0951 an d  0 .0980  respectively. The average

d ep th  for these  two cores is 330m . Cores K90, K 110 an d  K130, on the

o ther hand , have no m easu red  gas; th e ir average dep th  is 1 14m.

B acksca tter im ages from a  S IS -1000 deep-tow ed sidescan  sonar reveal a

dense d istribu tion  of pockm arks th rough  th is  a rea  (the H um boldt Slide
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zone), providing evidence for w idespread, b u t focused gas an d  fluid 

venting  (G ardner et al, 1999). Figure 1.5 show s the  backscattering  

stren g th  m easu red  a t these  core sites by the  EM 1000 m ultibeam  sonar. 

The displayed curves are an  average of 50 sonar pings a ro u n d  the  core 

sites, w hich rep resen ts  in average a  linear d istance of 100m. T here is a  

5dB difference in the  b ack sca tte r response (average b ack sca tte r  for 

grazing angles from 30° to 60°) betw een sites w ith an d  w ithou t m easu red  

gas. This difference canno t be explained by the differences in physical 

p roperties m easured  a t these  5 core sites (Tables I an d  II).

Seaw ater density pw 1022 k g /m 3

Seaw ater sound  speed Cw 1485 m /s

G as density Pg 1.24 k g /m 3

G as ratio  of specific h ea ts y 1.403

G as specific h ea t a t co n stan t 

p ressu re
sp 240 c a l/k g

G as therm al conductivity Cg 5 .6 x l0 '3 c a l/ (m s °C)

M uddy sed im ent viscosity A l.OxlO-3 kg /(m  s)

Am bient H ydrostatic P ressu re Po (1 .0 1 3 5 x l0 5+9.80665*pw*depth)

N /m 2

TABLE II -  V alues of com m on p aram eters  u sed  to evaluate the  m odel a t 

selected core sites.
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The b ack sca tte r angu lar response can  be calcu lated  using  

sed im ent p roperties m easu red  a t the  core sites (Table I). The param eters  

u sed  as in p u t for the  model are: v= 1.039, p= 1.664, 5=0.00272, 

i6>2=0.00052 cm 4, y=3.25, <72=0.0010, w ith no gas. The re su lt is show n in 

Fig. 1.6 for the  in terface backsca tte r and  the  to ta l (volume + interface) 

backscatter. The m odel w as th en  ru n  a  second tim e, including  the  very- 

h igh gas fraction of 0 .098, w hich changed the  following m odel 

param eters: v=0.939, p= 1.571, 5=0.0695, an d  generated  an  equivalent 

volum e con tribu tion  of <72=0 .0 0 6 8  (including con tribu tions from  gas and  

o ther heterogeneities). Note th a t the  m odel show s ab o u t 6dB difference 

(average back sca tte r for grazing angles from 30° to 60°) betw een sites 

w ith high gas con ten t an d  those w ith no m easu red  gas, w hich is sim ilar 

to w hat is show n in Fig. 1.5. The difference in abso lu te  values betw een 

d a ta  and  m odel (Fig. 1.5 an d  Fig. 1.6) is sm all, w hich m ay be explained 

by calibration problem s in m ultibeam  so n ar system s. There w as a  sm all 

reduction  of in terface back sca tte r due to the low sound  speed ratio  of the 

gassy sedim ent. The volum e b acksca tte r of the  gassy  sed im ent is 

considerably higher, w hich re su lts  in a  n e t increase  in the  b ack sca tte r 

response.
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Figure 1.5- B ackscattering  streng th  m easu red  by a  Sim rad EM 1000 

m ultibeam  sonar (95kHz) a round  core sites HS4, HS5, K90, K 110 and  

K130.

Total with Gas -  
Total -  

Interface -  
Interface with Gas -

-10

-30

-40
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Grazing Angle (degrees)

Figure 1.6- Model response  using  the  sedim ent p roperties m easu red  a t

the  core sites HS4, HS5, K90, K110 an d  K130.
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1 .5 .3  Area B (m id-depth range)

A rea B (Fig. 1.3) con ta ins cores S280 an d  RS290 w hich have 

m oderately  high gas fractions: 0 .075 an d  0.067 respectively. These two 

cores are  located a t an  average dep th  of 253m . Core S I 50 a t  151m  of 

dep th  h a s  no m easured  gas. The existence of near-su rface  gas in  th is  

a re a  is dem onstra ted  by acoustic  anom alies on H untec seism ic profiles 

(Yun et al. 1999). Figure 1.7 show s the backscattering  stren g th  

m easu red  a t  these  core sites by the  EM 1000 m ultibeam  sonar. The final 

response  is an  average of 50 sonar pings a ro u n d  the  core sites. There is 

a n  average of 4dB difference in the  b ack sca tte r response  betw een sites 

w ith an d  w ithout m easured  gas, a lthough  the  sites have basically  the 

sam e sed im ent properties.

Figure 1.8 show s the  m odel response u sin g  the  sed im ent 

p roperties m easu red  a t the  core sites (Table I) an d  the  com m on values in 

Table II. The p aram eters  u sed  as in p u t for the  m odel are: v= 1.0552, 

p= 1.755, 8=0.00290, w 2=0.00052 cm 4, y=3.25, (72=0.001, w ith no gas. 

The m odel w as ru n  a  second tim e including the  m oderately high gas 

fraction of 0 .075, w hich changed  the  following m odel param eters: 

v=0.972, p= 1.683, 8=0.0532, an d  generated  an  equivalent volum e

con tribu tion  of (72=0.0055 (including con tribu tions from gas an d  o ther

heterogeneities). Note th a t the  m odel predicts a  4dB increase  in

back sca tte r s treng th  w hen gas is included and  th a t  th is  is co n sis ten t
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w ith the  difference seen in  the  m easured  b ack sca tte r betw een gassy 

(RS280 an d  S280) an d  non-gassy  (S I50) sites (Fig. 1.7). At these  dep ths 

(336m  for Area A an d  252m  for Area B) the  p resence of gas h a s  the  effect 

of slightly lowering the  interface backscattering  com ponent and  

significantly increasing  the  volume backscattering  com ponent.

RS280
S280
S150-10

T3

-40

9010 20 50 60 70 8030 40
Grazing Angle (degrees)

Figure 1.7- B ackscattering  stren g th  m easu red  by a  S im rad EM 1000 

m ultibeam  sonar (95kHz) a ro u n d  core sites RS280, S280 an d  S150.
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Figure 1.8- Model response  using  the  sed im ent p roperties m easu red  a t 

the  core sites RS280, S280 an d  S I 50.

1 .5 .4  Area C (shallow  water!

Area C (Fig. 1.3) con ta ins two core locations in  relatively shallow 

w ater (39m). Core 0 4 5  h ad  a  m easu red  gas fraction of 0 .010, while core 

P40 h ad  no m easu red  gas. These two cores are also inside th e  zone of 

acoustic  turb id ity , in te rp re ted  from high-frequency seism ic profiles, to be 

caused  by the  presence of gas (Yun e t al. 1999). Figure 1.9 show s the 

backscattering  s treng th  m easu red  a t  these  two core sites by th e  Sim rad 

EM 1000 m ultibeam  sonar. There is a lm ost no difference a t the

b ack sca tte r s tren g th  betw een the  sites.

Total with Gas 
Total 

Interface 
Interface with Gas
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Figure 1.9- B ackscattering  streng th  m easu red  by a  S im rad EM 1000 

m ultibeam  sonar (95kHz) a round  core sites 045 an d  P40.

The m odel response is calcu lated  using  the  sedim ent properties 

m easu red  a t the  core sites and  com m on values of Table II. The 

param ete rs  u sed  as in p u t for the  m odel are: v= 1.061, p= 1.757, 

5=0.01972, W 2 = 0 . 00120 cm 4, y=3.25, 02=0.0010, w ith no gas. The m odel 

w as ru n  a  second tim e including the  low gas fraction of 0 .01, w hich 

changed the  following m odel param eters: v=0.891, p= 1.747, 5=0.0768,

an d  generated  an  equivalent volum e con tribu tion  of <72=0.0011 (including 

con tribu tions from gas and  o ther heterogeneities). W hen gas is added, 

the  m odel p red icts a  very sm all difference betw een the  two sites (Fig. 

1.10). In shallow  w ater (39m) there  is a  severe reduction  of in terface 

b ack sca tte r due to the  very low sound  speed ratio  of the  gassy  sedim ent.
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The increase  in  volume back sca tte r of the  gassy sed im ent is n o t high 

enough  to com pensate  for the  interface backscatter reduction . This 

relatively sm all volume sca tte r is a  consequence of the  higher a tten u a tio n  

of gassy  sedim ent in shallow  w ater. In shallow w ater, the  am bien t 

p ressu re  is lower w hich increases the  a tten u a tio n  in the  gassy sedim ent, 

according to Eq. (9).

Total with Gas -  
Total -  

Interface ■■■■ 
Interface with Gas -

-10

-40

10 20 30 40 50 60 70 80 90
Grazing Angle (degrees)

Figure 1.10- Model response  u sin g  the  sedim ent properties m easu red  a t 

the  core sites 0 4 5  an d  P40.

1 .5 .5  Deep-water h igh  backscattering

Detail D of the  location m ap  (Fig. 1.3) show s an  a rea  surveyed by 

bo th  EM 1000 (95kHz) an d  EM 300 (30kHz) sonars in relatively deeper 

w ater: 785m . The overlaid vectors are navigation track lines of the
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EM 1000 survey over the  back sca tte r m osaic of th e  EM300. The two 

boxes are  selected a reas  of low an d  high backscattering  streng th . The 

high b ack sca tte r a rea  w as selected n ear the  edges of the  Table Bluff 

anticline, w here m any acoustic  brigh t spo ts were observed on  low- 

frequency m ultichannel seism ic profiles (Orange, 1999). Figure 1.11 

show s the  backscattering  streng th  m easu red  a t the  two selected a re a s  by 

bo th  EM 1000 an d  EM300 m ultibeam  sonars. The displayed curves are 

an  average of 50 so n ar pings a ro u n d  the  selected sites. C om paring the 

two sites, we observe a  4dB difference a t the  b ack sca tte r s tren g th  a t 

95kHz an d  a  7dB difference a t 30kHz.

em1000 High - 
em 1000 Low ■■ 

em300 High - 
em 300 Low -

-10

T 3

-30

-40

60 70 80 9010 20 40 5030
Grazing Angle (degrees)

Figure 1.11- B ackscattering  s tren g th  m easu red  a t the  two selected a reas 

by both  EM 1000 an d  EM300 m ultibeam  so n ars  a t  two selected a reas.
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Figure 1.12a shows the  m odel response a t  95kHz u sin g  the 

sed im en t properties m easured  by core analysis n ear the  selected areas. 

F igure 1 .12b show s the model response a t  30kHz using  these  sam e 

sed im ent properties. Core sites a ro u n d  the  selected a reas were not 

analyzed for the  con ten t of free gas. The p aram eters  u se d  as in p u t for the 

m odel are: v= 1.0303, p= 1.644, 5=0.00183, W2 - 0.00052 cm 4, y=3.25,

(72=0.001. The m odel w as ru n  again  a t 30kHz and  95kH  w ith a  very low

gas fraction of 0 .001, w hich changed the  following m odel pa ram ete rs  a t

95kHz: v= 1.030, p= 1.643, 5=0.0031 and  equivalent (72=0.0041; an d  a t

30kHz: v= 1.030, p= 1.644, 5=0.0026 and  equivalent (72=0.0051. This very

low gas fraction can  explain p a rt of the  b ack sca tte r difference of Fig.

1.11. Note th a t  in choosing th is  gas fraction, the  m odel p red icts a  4dB

difference betw een the  two sites a t 95kHz an d  5dB difference a t  30kHz.

The m odel an d  d a ta  values from Fig. 1.11 (EM 1000) an d  Fig. 1 .12a agree

for a lm ost all grazing angles, except for n e a r nad ir, w here the  EM 1000

m ultibeam  so n ar h a s  problem s w ith abso lu te  gain tracking. The m odel

an d  d a ta  values from Fig. 1.11 (EM300) an d  Fig. 1 .12b show large offset,

w hich can  be explained by calib ration  problem s du ring  the survey w ith

the  EM300 m ultibeam  sonar. In deep w ater, there  is a  sm aller change in

the  interface back sca tte r of the  gassy  sedim ent. This is caused  by the

h igher am bien t p ressu re , w hich reduces the  effect of bubb les on the

sed im ent so u n d  speed. On the  o ther h an d , a  very sm all gas q u an tity  in

deep w ater p roduces a  veiy high volume b ack sca tte r response. The lower
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frequency (30kHz) resu lts  in  a  lower interface b ack sca tte r a n d  a  h igher 

volum e scatter, due to a  lower value for the  a tten u a tio n  term  in Eq. (9).

Total with Gas 
Total 

Interface 
Interface with Gas
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Figure 1.12- a) Model response  a t  95kHz using  the sedim ent properties 

m easu red  a t the  selected a reas  b) Model response a t  30kHz u sin g  the 

sed im ent properties m easu red  a t  the  selected areas.
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1.6  C onclusions

G as is an  im portan t an d  com m on sed im ent heterogeneity  on 

con tinen ta l m arg ins w hich m ay explain som e of the  backscatter-response  

anom alies seen in the  sedim ents on the  Eel River Margin. A m odel h as  

been proposed th a t  show s th a t gas affects bo th  the  in terface an d  volume 

con tribu tion  of the  b ack sca tte r angu lar response. G as norm ally increases 

the  volume con tribu tion  an d  w eakens the interface con tribu tion , b u t the 

re la tionsh ip  is com plicated by changes in dep th  an d  sed im ent properties. 

The back sca tte r response  of fine-grained gassy sed im ents (grain 

size< lOgm) is basically  controlled by the  volum e con tribu tion  to 

backscattering . C oarser sed im ents (grain size>60jxm) p resen t both 

significant changes in volum e an d  interface b ack sca tte r in the  presence 

of gas.

The m odel w as tested  by inpu tting  physical p roperties m easu red  

on cores collected in a  region also surveyed w ith a  95 kHz m ultibeam  

sonar. The cores selected for in p u t into the  m odel were cores th a t  had  

also been analyzed for gas con ten t an d  these  values were u se d  to 

estim ate the  relative ab u n d an ce  of gas a t the  core sites. While th e  h ead 

space analyses u sed  for determ ining gas con ten t are  n o t necessarily  an  

accura te  rep resen ta tion  of the  in situ  concen tration  of free gas in the 

cores, they are  indicative of the  presence, absence and , p e rh ap s relative 

abundance  of gas in the  u p p er few m eters of the  seafloor. B oth the  gas
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m easu rem en ts  an d  the m ultibeam  b ack sca tte r showed a  high degree of 

la tera l variability.

Raw tim e series of the  95 kHz m ultibeam  so n ar b ack sca tte r as  a 

function  of angle of incidence were corrected for source and  receiver gain 

changes, a rea  of insonification, tru e  grazing angle an d  residual beam  

p a tte rn s  resu lting  in a  georeferenced record of tru e  scattering  strength . 

The m easu red  backsca tte r (averaged over ab o u t 100m  a round  each  core 

site) w as th en  com pared to the  m odel o u tp u t for each  core site an d  for a 

range of gas con ten ts. The m easu red  re su lts  were generally in  agreem ent 

w ith the  m odel and  w ith the  resu lts  predicted for the  m easu red  gas 

conten ts.

D epth plays an  im portan t role in the  b ack sca tte r response of gassy 

sedim ents. In deep w ater (deeper th a n  400m ), the  predicted in terface 

back sca tte r is only slightly affected by the  presence of gas, a  

consequence of the  higher bubble stiffness a t h igher am bien t p ressu re . 

On the  o ther hand , a  sm all am o u n t of gas yields a  very-high predicted  

volum e con tribu tion  in deep w ater. In shallow  w ater (less th a n  100m), 

the  predicted interface b ack sca tte r is severely reduced w hen  the 

sed im ent is charged w ith free gas, due  to the  decrease  of sed im ent sound  

speed. The predicted volume con tribu tion  in shallow  w ater is lower, due 

to higher a tten u a tio n  from the  bubb les a t lower am bien t p ressu re . In 

shallow  w ater, the  gain in volum e con tribu tion  is som etim es n o t enough
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to com pensate  for the loss in interface backscatter, resu lting  in  a  ne t 

decrease  in  the to tal b acksca tte r response.

While the  resu lts  p resen ted  here are  encouraging in  te rm s of the  

po ten tial for u sing  m ultibeam  sonar as a  qualitative an d  quan tita tive  

ind icato r of the gas con ten t of near-su rface  sedim ents, m uch  m ore work 

needs to be done. In particu lar, the  m odel needs to be tested  u n d e r 

controlled conditions w here near-su rface  sedim ent sam ples can  be 

collected and  m ain tained  u n d e r in situ  conditions (as described  in 

A nderson e t al. 1999). New developm ents in p ressu re  m ain tain ing  core 

barre ls  (e.g. Pettigrew, 1992) should  greatly aid in  th is  effort. In 

addition, the  m odels need to be extended to include the  effect of m ultiple 

scattering , w hich shou ld  provide a  m ore accura te  prediction of the  to tal 

scattering  due to gas bubbles.
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CHAPTER II

ARCVIEW OBJECTS IN THE FLEDERMAUS INTERACTIVE 3-D  

VISUALIZATION SYSTEM: 

AN EXAMPLE FROM THE STRATAFORM GIS

2.1. Abstract

Over the  p a s t tw enty years, the  production  of, and  dem and  for 

m arine geospatial d a ta  h a s  increased  considerably. This h a s  been  the 

direct resu lt of advances in acoustic  rem ote sensing  technology, m arine 

positioning an d  orien tation  techniques. These new  technologies w hen 

u sed  in  concert w ith o ther trad itional sources of m arine inform ation 

generate enorm ous am o u n ts  of d a ta  an d  p resen t g rea t challenges for 

m anagem ent, analysis and  in terpretation . This w as the  problem  faced 

during  the  in tegration  of a  complex m arine d a tab ase  collected off 

N orthern California for the  ONR-sponsored STATAFORM project. In the 

course of th is  study  m ore th a n  40 investigators collected a  wide range of 

d a ta  aim ed a t  u n d e rs tan d in g  the  processes defining con tinen ta l m argin 

stra tig raphy . These d a ta  se ts  were organized into an  ARCVIEW d a tab ase  

w ith m ore th a n  58 layers an d  a  n u m b er of specially developed 

extensions.
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While the  Arc View GIS offered a n  in itial approach  to the 

in tegration  of th is  large m arine da tabase , the  2-D m ap paradigm  of a  

trad itiona l GIS w as insufficient for the  analysis of the complex 

re la tionsh ip  am ongst the  d a ta  layers.

We th u s  extended ou r analyses th rough  the  incorporation  of an  

in teractive 3-D visualization system  (Flederm aus). A software filter th a t 

tra n s la te s  files from the ArcView d a tab ase  to a  F lederm aus in te rna l 

form at w as developed. The STRATAFORM d a tab ase  w as explored in  th is 

3-D visualization system , revealing a  n u m b er of new  insights.

2 .2  Introduction

Over the  p a s t tw enty years, the  dem and  for m arine geospatial d a ta  

h a s  increased  considerably. This dem and  com es as a  re su lt of 

co n cu rren t advances in acoustic  rem ote sensing  technology an d  m arine 

positioning an d  vessel orien tation  techn iques, w hich have revolutionized 

o u r ability to m ap  the  seafloor (Mayer et al., 2000). These d a ta  se ts  go far 

beyond trad itional sparsely  spaced  bathym etric  m easu rem en ts , often 

including veiy dense m ultibeam  so n ar coverage, acoustic  im agery and  

m any  o ther types of d a ta  (sub-bottom  profilers, la se r a irborne dep th  

sounders, laser line scanners, etc.). W ith these  new sources of d a ta  it is 

now feasible to produce m uch  m ore realistic depictions of the 

m orphology of the  seafloor and , a s o u r in terpretative  and  analy tical 

abilities improve, pe rh ap s even them atic  inform ation abou t seafloor

63

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



charac ter. This technology provides critically needed inform ation for 

them atic  and  cartographic m apping applied to n a tu ra l resource 

m anagem ent and  exploitation, fisheries h ab ita t stud ies , environm ental 

m onitoring, underw ater engineering, geological exploration an d  safety of 

navigation. These new sources of seafloor d a ta  in concert w ith more 

trad itional sources of m arine inform ation produce enorm ous a m o u n ts  of 

d a ta , p resen ting  trem endous challenges for m anagem ent, analysis and  

in terp reta tion . These challenges an d  the  dem ands associated  w ith them  

are  analogous to those  th a t  faced the  terrestria l rem ote sensing  

com m unity  during  the  1970’s.

G eographical Inform ation System s (GIS) have becom e the  default 

solution for the  in tegration  of large m ultivariate d a ta  se ts in  a lm ost all 

te rrestria l spatia l applications (Aronoff, 1991). We now have th e  sam e 

challenge in the  m arine  environm ent w here the  GIS tool, w ith  some 

m inor adap ta tions, can  provide a  m eans of in tegrating  large a m o u n ts  of 

inform ation d ispersed  in  a  variety of m edia and  form ats. A GIS approach  

for underw ater applications will offer a  straightforw ard  p a th  for 

visualizing, in terp reting  an d  analysing  vast am oun ts of da ta , facilitating 

num erical an d  logical queries on the d a tabase  providing a n  intuitive 

m eans to depict the  com plex in ter- relation ship s am ongst the  various 

d a ta  layers.
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2 .3  The M ap Paradigm

By definition, a  Geographical Inform ation System  is a  com puter 

tool u sed  to collect, store, retrieve, transform , an d  display spatia l d a ta  

(Burrough an d  McDonnell, 1998). The term  geographical refers to a 

know n cartographic position of the  d a ta  (the la titude  an d  the  longitude 

or projection co-ordinates), and  the term  inform ation refers to a ttr ib u te s  

assigned to th a t cartographic location. C onsequently , the elem ental 

organization of the  GIS d a tabase  is highly linked to a  tw o-dim ensional (2- 

D) positioning array , w hich is su itab le  for a  m ap  rep resen ta tion  

(Bonham -C arter, 1996). Following th is  rationale, the  m ajority of GIS’s are 

constra ined  to tw o-dim ensional d a ta  analysis an d  deal m ost efficiently 

w ith 2-D da tase ts .

D espite th is  focus on 2-D da tase ts , m ost GIS system s also handle  

digital elevation m odels (DEM’s), w hich a re  rep resen ta tio n s of con tinuous 

su rfaces u se d  for topographic, bathym etric, geophysical and  any  o ther 

d a ta  se ts th a t  can  be described by an  a rray  of num bers . M ost GIS’s can 

p resen t perspective views of the  DEM. This is referred to by some 

a u th o rs  a s  2 lh-D,  a s  it is m ore th a n  a  flat 2-D rep resen ta tion , b u t it 

lacks the form al im plem entation  of a  full 3-D setting.

2 .4  M arine Applications

A lthough the  GIS environm ent offers an  in itial so lution to m any of

the  problem s of d a ta  in tegration, the m arine environm ent poses some
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un iq u e  problem s. First, we need a  system  th a t  can  take full advantage 

of, an d  draw  usefu l inferences from the especially dense d a ta se ts  

p roduced  by acoustic  surveys. M ultibeam  sonar in  shallow  w ater surveys 

can  easily produce ten s of million soundings (depth m easurem ents) per 

hour. This enorm ous d a ta  ra te  p resen ts  a  challenge to d a ta  processing, 

m anagem en t and  quality a ssu ran ce , an d  im poses special needs for d a ta  

v isualization  (Mayer et al., 2000).

A nother specific requ irem ent of the  m arine environm ent is the 

need  to depict inform ation in the  w ater colum n. Param eters su ch  as 

tem pera tu re , salinity, and  sound  velocity are m easu red  as a  function  of 

d ep th  in different locations, p resen ting  an  exam ple of a  d a ta  cube in a  3- 

D space. Some new m ultibeam  sonars  can  detect fish schools an d  o ther 

acoustic  ta rge ts  in the  w ater colum n. This is a  typical exam ple of a  3-D 

object th a t m u st be visualized dynam ically w ithin  a  3-D scene. The 

ongoing developm ent of Remotely O perated  Vehicles (ROV) and  

A utonom ous U nderw ater Vehicles (AUVj provides a  new source of 

acoustic, photographic, biological, physical and  oceanographic 

m easu rem en ts  th a t  m u st be referenced to 3-D coordinate fram e. These 

vehicles move freely in the  w ater colum ns, acquiring  d a ta  in all 

directions.

Engineering projects su ch  a s  offshore platform  building, pipeline 

laying and  subm arine  com m unication  cables need a  precise descrip tion

of the  bathym etry , location of n a tu ra l an d  m an-m ade obstacles, an d  a
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characteriza tion  of the  seafloor and  of the shallow  sub-bottom . 

Engineering decisions will be m ade based  on the com plex in tegration  of 

all the  inform ation available in  a  3 dim ensional m odel (Paton, 1997). This 

is a  classical case of a  netw ork analysis problem  th a t  can  be add ressed  

in  a  GIS. The spatia l d istribu tion  of seafloor relief, te rra in  derivatives, 

an d  estim ates of bottom  com position are also considered  im portan t 

physical variables governing the  d istribu tion  of seafloor fish h a b ita ts  

(Martinez, 1999). Spatial m odeling of these p roperties in  a  3-D 

environm ent is a  prom ising m ethod of identifying su itab le  bottom  

h ab ita ts . Finally, of p a rticu la r in te res t is the  real-tim e th ree-d im ensional 

v isualization of bathym etric  d a ta  collected for safety of navigation. Real

tim e visualization can  serve a s  a  m eans of providing tools for quality  

control a s well a s the  po ten tial of designing 3-D electronic c h a r ts  th a t  

provide an  intuitive perspective of the re la tionsh ip  of a  vessel to 

navigation hazards.

2JjJCoigards a .A-JDJGrIS

Given the  spatia l an d  tem poral variability of m arine da ta , th e  2-D 

m ap  concept of the trad itional GIS m ay no longer be su itab le  for m any 

m arine problem s. 3-D visualization, on the  o ther h an d , perm its the  very 

rap id  exam ination an d  verification of large d a ta  se ts. D uring th e  3D
ij

visualization process, acquisition  problem s such  a s  d a ta  b lu n d ers  or

system  artifac ts will becom e evident. In the  sam e way, com plex spatia l

rela tionsh ips am ongst the  d a ta  com ponents will be m ore easily perceived
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(Ware, 1999). Three-dim ensional v isualization system s improve our 

capacity  for d a ta  m ining, a s  the d a ta  is p resen ted  in a  m ore intuitive 

way, revealing often h idden  rela tionsh ips am ongst th e  d a ta  se ts  (Kleiner 

a t al., 2000).

A lthough 3-D visualization can  undoub ted ly  offer trem endous 

advantages for d a ta  analysis, it im plem entation com es w ith a  high price. 

Three d im ensional graphical rendering  and  display require considerable 

am o u n ts  of p rocessing  w hich un til recently  w as only available in 

specialized an d  expensive graphics w orksta tions (MacCullagh, 1995). In 

recen t years however, the  hardw are an d  softw are required  for th is 

processing have advanced considerably. W ith increases in  the com puting 

power of desk top  com puters com bined w ith advances in  graphics 

technology, 3-D graphics is now quite affordable. In concert w ith these 

hardw are innovations h a s  been the  developm ent of a  n u m b er of 3-D 

scientific v isualization software packages capable of ru n n in g  on a  variety 

of platform s.

The goal for an  underw ater d a ta  in tegration  system  is a

softw are/  hardw are  solution th a t  com bines various com ponen ts of digital

m apping, image processing  an d  d a tab ase  m anagem en t on one m achine

a t an  affordable cost. The system  m u st be referenced to a  cartographic

coordinate system , w ith all inform ation a ttach ed  to a  chosen  ellipsoid or

o ther ea rth  model. The visualization system  shou ld  also be interactive

and  fully quan tita tive , allowing m easu rem en ts an d  queries on the
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displayed da tabase. It should  suppo rt 3-D topology for spatia l analysis 

a n d  search , an d  be a ttached  to a  d a tab ase  m anagem ent system  th a t 

deals w ith spatia l and  non-spatia l da ta . For th a t  we need a  3-D 

geographical inform ation system  th a t is capable of in tegrating  different 

d a ta  types a t different scales, from different sources, w ith different 

form ats, an d  covering different areas. While m any  GIS system s are 

approach ing  these  capabilities none really suppo rt them  all, particu larly  

for very large d a ta  sets. At the  sam e tim e, there  have been  rapid  

advances in 3-D visualization packages b u t m any of these  system s lack 

the  careful georeferencing an d  m any of the  d a tab ase  interrogative 

capabilities of a  com plete GIS system . Here we p resen t an  app roach  th a t 

tries to take  advantage of the  best of bo th  worlds, by offering an  

in tegrated  p a th  betw een the  ArcView GIS and  the  F lederm aus interactive 

3-D visualization package.

2 .6  The STRATAFQRM Database and GIS

To dem onstra te  ou r app roach  we will u se  a  com plex m arine 

d a tab ase  collected off N orthern  California during  the  STRATAFORM 

project. STRATAFORM (STRATA FO Rm ation on the  Margins) is a  m u lti

year, m ulti-investigator program  funded  by the  U.S. Office of Naval 

R esearch w ith the  objective of u n d e rs tan d in g  the  geologic p rocesses of 

the shelf an d  slope responsible for the  form ation of the sed im en tary  

record over a  con tinuum  of scales (N ittrouer and  Kravitz, 1996). One field

area  for th is  program  is the  highly sedim ented, tectonically active, Eel
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River m argin off N orthern  California (Nittrouer, 1999). In th e  course  of 

the  five years of study  of the  Eel River Margin, a n  im m ense d a ta  base  of 

m arine  inform ation including physical oceanographic tim e series, 

m ultichannel seism ic da ta , physical property  d a ta  from  cores, detailed 

bathym etry , backscatter, bottom  photos, and  a  n u m b er of o ther 

param eters h a s  been collected. E ach of these  d istinc t d a ta  se ts  provides 

in sigh t into a t least one com ponent of the  complex system  responsib le for 

generating the  s tra ta  of the  con tinen ta l m argin. This d a tab ase  is 

rem arkable  no t only for its volume, b u t also for its  diversity.

In response to the need  to u n d e rs tan d  the  in te r-re la tionsh ips 

am ongst these  d a ta  se ts we sough t to find a  m eans to organize and  

in tegrate  the  d a ta  into a  form th a t  could be easily searched  and  

analyzed. Additionally m any  investigators needed to independently  w ork 

on th is  vast m arine da tabase . To allow th is  we chose to take advantage 

of GIS technology an d  create  a  fully georeferenced d a ta  se t th a t  can  be 

interactively explored. O ur app roach  w as to tre a t each  d a ta  se t a s  an  

individual layer or them e an d  bring the  d a ta  into a  widely available GIS. 

Given th a t each  layer is fully georeferenced and  all geodetic corrections 

(projections, da tum , etc) are  applied, we would th en  have th e  ability to 

interactively select, explore, retrieve an d  display the  d a ta  se ts  in  any 

com binations we desire
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2 .7  Chox>jsing a GIS fox Data In tegration

Once we decided th a t  we w anted  to bring the  STRATAFORM d a ta  

into a  GIS (Mayer e t al., 1999), we needed to select the  m ost appropria te  

GIS for the  task . We had  a  num ber of criteria  including  the  ability to 

hand le  bo th  ra s te r  an d  vector da ta . M ost im portan tly  we w anted  to 

create  a  d a tab ase  th a t  would be available to the  re s t of the  STRATAFORM 

com m unity  (and others) an d  th u s  also w anted  a  system  th a t w as readily 

available an d  th a t allowed the  exploration of d a tab ases  w ithout 

ow nership  of the  GIS creation software. After evaluating  a  nu m b er of 

options, we chose ArcView from ESRI. It h a s  an  assoc ia ted  program m ing 

language th a t w ould allow u s  to custom ize fea tu res to ou r needs, it 

sup po rts  a  n u m b er of com puter environm ents (PC, MAC, UNIX), and  it 

provides a  freeware viewer (ArcExporer) th a t can  be d istribu ted  w ith the 

d a tab ase  allowing those  who do no t own ArcView to still explore the  da ta , 

though  w ith som e lim itations.

More th a n  58 d a ta  layers were collected from a n u m b er of

STRATAFORM an d  non-STRATAFORM sources. While som e so rt of

geographic inform ation w as the  com m on denom inato r of all the  d a ta

sets, m any  of the  d a ta  se ts  cam e in different form ats, an d  were created

w ith different m ap  projections, geodetic da tum , etc. In o rder in tegrate  all

of the  d a ta  se ts  we resolved an d  reconciled these  to a  com m on

pro jec tio n /d a tu m  fram ework. The m ajority of these  layers can  be

displayed w ith the conventional ArcView tools (Fig. 2.1), b u t certain
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d a ta se ts  required  display and  analysis capabilities beyond those existing 

in  th is  GIS. To overcome th is  lim itation, a  series of V isual Basic 

p rogram s were developed, w hich provided extended functionality. These 

included: 1) a  CTD graphic program , w hich d isplays w ater colum n

profiles recording inform ation on tem pera tu re , salinity  an d  sound  

velocity (Fig. 2.2); 2) a  T em perature  graphic program , w hich g raphs 

tem p era tu re  d a ta  acquired  by c u rre n t m eters deployed for long periods; 

3) a  Seism ic Viewer, w hich provides h igh-reso lu tion  visualization of 

seism ic im ages (Fig. 2.3) and; 4) an  angu lar response  viewer, w hich 

d isp lays the  acoustic  backsca tte r a s  a  function  of the  grazing angle for 

any  selected su b se t of the  survey area.

After the  da tabase  w as assem bled  and  functional, we s ta rted  the 

p rocess of d a ta  m ining and  analysis. D uring th is  process it becam e clear 

th a t  to fully u n d e rs tan d  the  complex in te rre la tionsh ips of th is  d a tab ase  

we w ould need to explore the  d a ta  in  a  3-D environm ent (Van Driel, 

1995). M ost im portantly , we w anted  ou r 3-D environm ent to be fully 

in teractive and  able to su p p o rt all of the  m ultilayer an d  georeferenced 

a sp ec ts  of the  GIS. For th is  we chose the  F lederm aus in teractive 3-D 

visualization software package from Interactive V isualization System s 

Inc.
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Figure 2 .1- S tra ta fo rm  Project in  ArcView Show ing th e  following layers: 

B ackground im ages: 1) S im rad EM 1000 m ultibeam  so n a r b ack sca tte r, 2) 

EM 300 m ultibeam  so n a r b a ck sc a tte r  3) GLORIA so n a r backscatter. 4) 

Vector layer in  red: track lin es  from  a  H untec h igh-reso lu tion  seism ic

reflection profiler. 5) Point d a ta  in  cyan: CTD w ater co lum n profiles 

recording inform ation on tem pera tu re , salin ity  an d  so u n d  velocity.
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Figure 2.2- G raph  show ing CTD profiles. The plotting program  is 

connected  to the  ArcView layer show ed in Fig. 2.1 (symbols in  cyan). This 

profile is from the sta tion  highlighted in yellow. E ach  profile can  be 

interactively in terrogated.

2.8. F le d e rm a u s

F lederm aus is a  sophisticated  su ite  of 3-D visualization tools

specifically designed to facilitate the  in te rp re ta tion  an d  analysis of very

large (10’s to 100’s of m egabytes), complex, m ulti-com ponen t spa tia l

d a ta  sets. The goal is to u se  the  3-D environm ent to p resen t complex

m ultid im ensional d a ta  se ts  in a  n a tu ra l an d  in tuitive m an n e r th a t allows
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th e  sim ple in tegration  of m ultip le  com ponents w ithou t com prom ise to th e  

quan tita tive  aspec ts  of th e  data .

Figure 2.3- Image showing a Huntec high-resolution seismic profile. This 

displaying program is connected to the ArcView layer showed in Fig. 2.1 

(red vectors). This program allows zooming and displaying in different 

scales, taking advantage of the dynamic range of the data. This seismic 

profile is from the trackline highlighted in yellow in Fig. 2.1.

The software package allows the import of a variety of data types 

(either gridded or ungridded) from  common mapping packages (GRASS, 

GMT/NetCDF.ISIS, and with the development of ArcConverter (see below) 

can directly import ArcView layers, as well ASCII data and/or a range of 

b in ary  and image file types. For ungridded data, several approaches to 

gridding can be chosen to create a surface representation of the data. 

Any data brought into the system  is fully geo-referenced in that one can

always query the scene to get coordinates and related attributes.
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Simple tools allow the  assignm en t pre-existing colour m ap s or the 

design of specialized ones. Once a  colour m ap is assigned  to the  d a ta  

set, a  lighting model is chosen  including artificial sun-illum ination , 

shad ing  and  tru e  shadow  calculations. The scene is th en  rendered  to 

form  a  3-D image th a t is n a tu ra l looking and  easily in terp retab le , yet 

fully georeferenced an d  quantitative. Colour, while u sed  to rep resen t 

d ep th  in the  im ages above, can  also be m apped to o ther p a ram eters  (like 

b ack sca tte r or sed im ent properties) an d  draped over the  digital te rra in  

m odel. N um erous defau lt colour m aps are provided, a s well a s the  

capability  to interactively ‘d raw ’ a  colour sequence u sin g  the  hue, 

sa tu ra tio n , and  value (HSV) colour space, and  in stan tly  see how the 

resu lting  colour sequence en h an ces the  d a ta  th a t is being viewed.

An interactive shad ing  tool provides control over various lighting 

p aram eters  su ch  a s  the  light direction, ap p aren t g lossiness of th e  surface 

an d  the  am o u n t of am bien t (background) illum ination. A p a rticu la r 

feature  of the system  is the  ability to define soft c a s t shadow s. This 

dram atically  increases the  ability to perceive certa in  types of te rra in  

fea tu res su ch  a s  narrow  p innacles an d  san d  waves. The surface d a ta  can  

be shaded  directly or a  different d a ta  se t can  be u se d  to m ap the  colour 

onto the surface. In th is  m an n er variables su ch  as m ultibeam  

b acksca tte r an d  sed im ent type can  be in stan tly  d raped  onto the  

visualized surface -  all fully geo-referenced.
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The u se r  can  interactively "fly" a round  the  d a ta  an d  view it from all 

angles th rough  the  u se  of a  6-degree of freedom  m ouse th a t transfo rm s 

sim ple h an d  m otions into a  d a ta  exploration tool (and th u s  the  derivation 

of the  nam e of software package -  F lederm aus.). W ith special LCD 

glasses, the  scene can  be viewed in tru e  stereo. D ata  en try  is sim ple and  

3-D in terac tion  can  take place w ithin a  few m in u tes  of the  production  of 

a  DTM or sonar m osaic. T hus if these  p roducts  are  created  on board  the  

vessel, 3-D in terac tion  can  be u sed  for quality  control, m ission p lanning  

and  in  some cases m ission execution.

T hrough the  u se  of object-oriented software a rch itec tu re , m ultiple, 

individual d a ta  se ts  w ith different levels of reso lu tion  can  be easily 

com bined, georeferenced, an d  displayed. T hus land -based  DEM’s w ith 

one level of reso lu tion  can  be com bined w ith m ultip le  bathym etric  d a ta  

w ith different levels of reso lu tion  w ithout the  need  to regrid a t  a  com m on 

scale. Even m ore in triguing is the  ability to tex tu re  m ap d a ta  a t any  

level of resolu tion  on top of lower reso lu tion  data . T hus h igh-reso lu tion  

back sca tte r or video im ageiy can be m apped directly on top of lower 

reso lu tion  bathym etry  w ithou t the  need  to degrade the  h igher reso lu tion  

d a ta  or w aste m em ory by upsam pling  the  lower reso lu tion  data . A 

series of analy tical tools is also available th a t  provides for the  calculation  

of grad ien ts, slopes, a reas , volum es an d  differences, all in the  3-D 

environm ent.
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Interactive sessions w ith F lederm aus can  be recorded an d  played 

back  a s  a  movie; w ith the addition of fram e by fram e video recording 

equ ipm en t full reso lu tion  videos of exploration sessions can  be recorded 

or digital form at videos easily created. In addition to the  exploration of 

the  d a ta  contained  in the com pu ter’s v irtual 3D environm ent, 

F lederm aus also provides a  tru e  3D stereoscopic display. Normal h u m an  

stereoscopic vision only w orks over a  lim ited range. People perceive very 

little stereoscopic dep th  a t d istances g rea ter th a n  30 m eters an d  optim al 

stereoscopic viewing is betw een 50 cm  an d  2 m. F lederm aus 

incorpora tes a  stereo viewing algorithm  th a t autom atically  a d ju s ts  the 

stereo viewing param eters  so th a t  stereoscopic dep th  is ob tained  even for 

scenes th a t  are a t large (virtual) d istances. F lederm aus is un ique  in  th a t, 

these  p a ram eters  are constan tly  ad ju sted  so th a t  even while ‘flying’ 

th rough  a  v irtua l d a ta  environm ent, stereo dep th  cues are  alw ays 

available. The prim ary advantage of a  stereo display is th a t the  ability to 

perceive relative object positions an d  sizes w ithin the  3D scene is greatly  

enhanced  com pared to the  trad itional projection of a  3D scene onto the  

com pu ter’s 2D screen.

2 .9  Arc-Converter

The Arc-Converter is a  software filter th a t  tran sfe rs d a ta  layers

from one ArcView project directly into a  form at th a t  can  be in te rp re ted  by

Flederm aus. It w as developed in V isual C++ an d  is fully in tegrated  in the

Flederm aus suite. The first step  of the  conversion is to parse  an  ArcView
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project file (extension APR) in order to retrieve a  list of layers an d  the 

location w here the  files are  stored. The retrieved layer lis t is organized in 

th ree  basic  categories: ras te r, vector and  grid. The ra s te r  category 

encom passes all im ages w ith th e ir geocodification. The vector category 

includes point, line and  polygon data . The grid category g roups all digital 

elevation m odels supported  by ArcView.

After the  list is retrieved from the project file, one or m ore d a ta  

layer can  be autom atically  transferred  to the  F lederm aus 3-D 

environm ent. For th a t, the  ArcView files corresponding to the  chosen  

layer m u st be tran s la ted  to the  Tagged D ata  R epresen tation  Form at 

(TDR) of F lederm aus. The TDR form at is a  fram ew ork su itab le  for 

storing  blocks of inform ation in a  file s truc tu re . E ach TDR file is divided 

into d a ta  blocks, each  of w hich can  store a  different type of inform ation 

to be processed. At the  beginning of each block there  is a  tag  th a t  

uniquely  identifies the  type an d  charac teristics of the  d a ta  block (Paton, 

1995). T hus, a  TDR file can  basically store any  kind  of inform ation, 

w hich is extrem ely convenient in the  case of tran sfe rring  ArcView objects. 

The following applications will tran s la te  ArcView d a ta  layers directly into 

TDR format:

2 .9 .1  V ector Data

This application  will tran s la te  ArcView layers w ith vector d a ta  of 

point, lines an d  polygons into the  TDR form at. ArcView vector d a ta  is
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stored  in  a  Shapefile, w hich is a  spatia l d a ta  fo rm at th a t  sto res the  non- 

topological geom etry an d  a ttrib u te  inform ation of spa tia l fea tu res (ESRI 

1998). It is actually  a  se t of th ree  different files w ith the  sam e nam e b u t 

different ex tensions. The geometry of the  fea tu res is described in the  file 

w ith ex tension  SHP. This file h a s  a  fixed-size header followed by a  

variable n u m b er of records. E ach record describes one geom etric entity  

of variable length, by a  sequence of vector coordinates. The second file, 

w ith extension  SHX, h as  an  index to the  fea tu re  in the  file extension 

SHP. The a ttr ib u te s  of each  spatia l feature are sto red  in a  th ird  file w ith 

extension  DBF. This file follows the dB ase form at, w hich is a  s tru c tu red  

table for d a tab ase  applications. The dB ase tab le  h a s  one record (line on 

the  table) for each  corresponding spatia l feature  in  the  file extension 

SHP. E ach  record  of the  table can  have any n u m b er of fields (colum n on 

the  table), w here each  field rep resen ts one a ttr ib u te  of the  spatia l feature. 

The spa tia l fea tu res an d  its  a ttr ib u te s  are tran sfe rred  to d a ta  blocks in  a  

TDR file, w here full geom etrical and  topological s tru c tu re s  are  preserved. 

The developed application  suppo rts  Shapefile records of points, polylines 

(linear vectors), polygons and  null records.

2 .9 .2  D igital E levation  M odels

This application  will parse  an  ArcView floating-point or integer grid

file an d  will bu ild  a  digital elevation model, w hich will be transferred  to a

TDR file. An ArcView grid file is actually  a  directory file s tru c tu re

typically w ith 5 or m ore binary  files. The grid d a ta  itself is stored  in the
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first file called wOOlOOl.adf. This file is organized in d a ta  tiles w ith the 

aim  of optim izing access tim e and  storage. The second file called 

db lb n d .ad f con tains the bounds of the  grid in projection coordinates. The 

head er file (hdr.adf) con ta ins the  n u m b er of tiles into w hich the  grid is 

divided an d  the  to tal num ber of tiles. The file s ta .ad f con ta ins sta tis tica l 

inform ation ab o u t the  grid, su ch  a s  m inim um  value, m axim um  value, 

s ta n d a rd  deviation etc. The la s t file (wOOlOOlx.adf) is an  index to the  

tiles of the  file wOOlOOl.adf. E ach  tile is stored and  com pressed  in  a  

different m anner. The ac tu a l organization an d  form at of these  files and  

the  descrip tion  of the  d a ta  tiles is p roprietary  to ESRI, an d  a t  the  

m om ent we do no t know  of any  form al docum entation  concerning  th is  

m atter. The ta sk  of unravelling these  file form ats w as partially  done by a  

com m unity  of u se rs  (W arm endan, 2000), from w hich we ob tained  the 

inform ation necessary  to build  o u r tran sla to r. At the  m om ent, the  system  

can  hand le  the  following tile types: co n stan t blocks, 1 b it da ta , 4b it da ta , 

8b it d a ta  in sequence, com pressed  or run -leng th  encoded, 16bit d a ta  in 

sequence, com pressed or run -leng th  encoded, 32b it d a ta  ru n  length  

encoded, an d  float point.

2 .9 .3  R aster Im ages

This application will read  any  type of ra s te r  im age from  one

ArcView project w ith its  respective geocodification an d  tran sfe r it to a

TDR file. In ArcView, im ages are regarded a s  a  m atrix, w here only a  row

an d  a  colum n are sufficient to reference each  cell. In order to proceed
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w ith the  transfo rm ation  from image coord inates to projection 

coordinates, it is necessary  to have a  4 -param eter transfo rm ation  m atrix, 

since ArcView only hand les scale an d  transla tion . Any ro ta tion  or higher 

o rder d isto rtions have to be done prior to bringing the  image into 

ArcView. This is a  m ajor lim itation, as  it res tric ts  the  im age to one single 

cartographic projection. The required geocodification param ete rs  for th is  

transfo rm ation  are the  im aged b o unds in a  cartographic  projection and  

the  pixel size. The geocodification can  be read  directly from the  image 

file, w hich is the  case for GeoTIFF, BSQ, BIL, BIP an d  ERDAS form ats. In 

o ther cases, the  geocodification can  be read  from a  second ASCII file, 

called the  world file. This file h a s  the sam e nam e of th e  image file w ith 

the  letter w added  to it. In bo th  cases, the  image will be tran s la te d  to 

TDR form at a t  the  p roper location, scale and  projection.

2 .1 0  E xploring th e  3-D STRATAFORM D atab ase

We illu stra te  bo th  the  functionality  of the  A rcConverter process

a n d  the  powerful interpretive benefits derived from interactive 3-D

visualization by fu rth e r exploring the STRATAFORM d a tab ase . F irst, we

show an  exam ple of a  grid transfer. The bathym etric  an d  topographic

d a ta  se ts from the  STRATAFORM project cam e from different surveys and

were gridded a t different reso lu tions (Fig. 2.4). E ach of these  d a ta  se ts

were ArcView grid files an d  th rough  ArcConverter are  tran sfe rred  into

F lederm aus TDR files, now allowing full interactive exploration and

in te rp reta tion  (Fig. 2.5). Note th a t  the Seabeam  grid h a s  som e residual
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artifacts in the direction of the ship track. These artifacts, related to 

inappropriate corrections for the sound speed profile become clear in the 

3D scene.

124°30‘ 124n15'

Figure 2.4- STRATAFORM project in Arcview, showing the following 

layers: 1) SeaBeam 12 kHz Multibeam echo-sounder bathymetry gridded 

at 6.48” (~180m) resolution. 2) Atlas Hydrosweep multibeam echo 

sounder bathymetry gridded at 2.16” (~60m) resolution. 3) Simrad 

EM300 30kHz Multibeam sonar bathymetry gridded at a 0.72” (~20m) 

resolution. 5) Simrad EM1000 95kHz Multibeam sonar bathymetry
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gridded at a 0.60” resolution. 6) USG digital elevation model USA in a 

1:100 000 scale.

Figure 2.5- The same data layers as shown in Fig. 2.4 converted to

Fledermaus format and displayed in Fledermaus.

The raster backscatter mosaics from multibeam and sidescan 

sonars shown in Fig. 2.1 were directly transferred to Fledermaus though 

Arc-Converter. These images are mapped as texture over the bathymetric 

grids shown in Fig. 2.4 and Fig. 2.5. Figure 2.1 also contains vector 

layers of points (CTD profiles) and of polylines (Seismic tracklines), which 

were also transferred to the 3D environment. The resulting 3D view is 

shown in Fig. 2.6. Figure 2.7 shows a detail from Fig. 2.6 where the 

actual seismic profile and not just its trackline can be seen in the 3D 

scene.
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Figure 2.6- The same data layers shown in Fig. 2.1 converted to 

Fledermaus format.

Figure 2.7- Detail from Fig. 2.6, showing the seismic profile. This line is 

from upper portion of the Humbold slide, showing an undeformed slope 

stratigraphic sequence and its relation to the regional dip of 3 degrees.
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The ability to interactively explore, in  3-D the complex 

re la tionsh ips betw een topography, b ack sca tte r an d  the  subsu rface  

seism ic d a ta  have allowed STRATAFORM sc ien tis ts  to a  resolve long

stand ing  debate on the origin of a  topographic fea tu res on the  lower 

slope. The ability to correlate surficial b ack sca tte r w ith subsu rface  

ou tcrops provided a  d irect explanation for the  origin of both  topographic 

an d  b ack sca tte r targets. Additionally the  ability  to directly relate 

subsu rface  s tru c tu re  w ith surficial topography led investigators to 

conclude the  s tru c tu re s  were the  re su lt of a  m assive sedim ent slide 

(G ardner e t al., 1999).

An exam ple of a  polygon layer is show n in Fig. 2.8, w here T hiessen  

polygons are draw n a round  sparse  m easu rem en ts  of grain  size m easu red  

from core sam ples. A sym bol h ighlights the  location of every core. The 

colours of sym bols and  polygons are related  to the  grain  size. These 

polygons were converted to F lederm aus form at (Fig. 2.9).

While the  2-D display allows u s  to see the  rela tionsh ip  betw een 

grain  size an d  b ack sca tte r (the underly ing  layer), we can n o t see the  

re la tionsh ip  of bo th  grain  size and  back sca tte r to depth . In the  3-D 

environm ent we can  easily and  intuitively resolve the  com plex 

re la tionsh ips betw een backscatter, grain-size an d  d ep th  w ithou t the  need 

for fu rth er analyses.
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Figure 2.8- Grain size distribution from core data. Hie colours of symbols 

and polygons are related to the medium grain size.

Figure 2.9- Hie same layers shown in Fig. 2.8 converted to Fledermaus 

format.
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2 .1 1  C onclusions

The huge am oun t of inform ation produced by m odern acoustic  

rem ote sensing  system s an d  o ther m arine surveying tools p resen t great 

challenges to m anagem ent, analysis an d  in te rp re ta tion  of m arine data . 

While GIS system s have become the s ta n d a rd  for exploring 

m ultiparam eter, georeferenced d a ta  sets, the  2-D m ap paradigm  of the 

trad itiona l GIS is often insufficient to allow for the  full extraction of the  

com plex in te r-re la tionsh ips typical of the  m arine environm ent. We have 

developed an  approach  th a t  takes full advantage of the  w ell-established 

capabilities of the  ArcView GIS system  and  ex tends these  capabilities 

th ro u g h  an  interface to a  powerful, interactive, fully georeferenced 3-D 

visualization system  (Flederm aus). This approach , w hen applied to a  

very large an d  complex m arine d a tab ase  collected off N orthern  California, 

greatly  improved ou r ability to explore an d  analyze a  range of geological 

an d  geophysical processes in a  relatively sim ple an d  intuitive m anner.
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CHAPTER III

MAPPING NEAR-SURFACE GAS WITH ACOUSTIC REMOTE SENSING 

METHODS

3 .1  Abstract

The location and  d istribu tion  of near-su rface  gas in con tinen ta l 

m arg ins is of particu lar in te res t for oil exploration an d  developm ent 

program s. The presence of gas seepages can  be evidence of the  possible 

existence of subsu rface  hydrocarbon reservoirs. G as is also a  poten tial 

haza rd  for offshore facilities, a s  it decreases the s tren g th  of 

unconso lida ted  sedim ents increasing  the  risk  of seafloor failures and  

slum ps.

Acoustic rem ote sensing  system s su ch  as m ultibeam  an d  sidescan  

so n a rs  can  be u sed  for m apping  an d  detection of near-su rface  gas in 

m arine  sedim ents. These system s can  provide a  realistic depiction of the  

seafloor by m eans of the  sim u ltaneous acquisition  of co-registered high- 

re solution bathym etry  and  calib rated  seafloor backscatter. An acoustica l 

backscattering  m odel for gassy  sed im ents is u se d  to recognize gas 

signatu re  in m ultibeam  so n ar records. Additionally, analysis of 

b ack sca tte r im ages and  detailed bathym etry  reveals anom alous seafloor
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fea tu res, w hich are associated  w ith gas expulsion. These processed  

acoustic  rem ote sensing  d a ta  can  be in terpreted  in  conjunction  w ith 

o ther geological, geophysical an d  geochem ical d a ta  from an  exploration 

area , to help explain the  d istribu tion  and  origin of near-su rface  gas. 

S uch  analysis is done in  a  GIS environm ent w ith 3D visualization 

capability.

3 .2  Introduction

The location and  d istribu tion  of near-su rface  gas in con tinen ta l 

m arg ins is of p a rticu la r in te res t for offshore oil exploration and  

developm ent program s. G as seepages can  be the  resu lt of upw ard  

m igration from deep-seated  reservoirs an d  th u s  a  potential ind icato r of 

hydrocarbons (Mello et al., 1990). The identification of near-su rface  gas 

accum ulations by acoustic  rem ote sensing  techn iques could th u s  provide 

a  first evaluation of the  hydrocarbon  potential of an  offshore a re a  and  

reduce  considerably  the exploration risk. Gas is a lso a  po ten tial h azard  

for offshore engineering facilities, a s  it reduces the s tren g th  of 

unconso lida ted  sedim ents, increasing  the  possibility of seafloor failures 

an d  slum ps. G assy unconso lida ted  sedim ents com bined w ith steep 

bathym etric  slopes are  norm ally associated  w ith a reas  of highly u n stab le  

seabed. In th is  case, the  rap id  identification of th e  presence of n e a r

surface gas by acoustic  rem ote sensing  techn iques could be invaluable 

for assessing  geohazard potential. Herein, we describe an  approach  for
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usin g  m ultibeam  sonar d a ta  to evaluate the  presence an d  relative 

ab u n d an ce  of gas in  near-su rface  sedim ents. This approach  is applied to 

an  a re a  of know n gas production off the  coast of N orthern  California.

M ultibeam  sonar system s m ap the  seabed th rough  a  wide range of 

grazing angles, producing detailed bathym etry  an d  revealing sub tle  

differences in the  b ack sca tte r response for different m ateria ls on the 

seafloor (de M oustier and  A lexandrou, 1991). G as bubbles, even in very 

sm all quan tities, can  dom inate an d  change the  geoacoustic 

charac teristics  of seafloor sedim ent an d  have a  significant effect on the  

propagation  of acoustic  waves (Lyons et al., 1996). If gas bubb les are  

trapped  in the  sedim ent stru c tu re , th e ir scattering  con tribu tion  will be 

relatively stronger and  will control the  to tal backscattering  response. A 

m odel h a s  been developed th a t p red icts the  b ack sca tte r response  of 

m arine  sed im ents a s  a  function of sed im ent an d  seafloor properties, 

w ater dep th  an d  gas con ten t (Fonseca an d  Mayer, 2001). W hen applied 

to m ultibeam  sonar da ta , th is m odel can  be u se d  to pred ict and  

recognize distinctive b acksca tte r s igna tu res  cau sed  by the  p resence of 

gas.

In addition  to b acksca tte r response, m ultibeam  sonar d a ta  m ay 

con ta in  o ther fea tu res th a t  are associated  w ith gas expulsion. These 

include pockm arks, au th igenic carbonate  p recip ita tions and  

chem osynthetic  shellfish com m unities. Pockm arks, w hich are  c ircu lar
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dep ressions developed in soft bottom  sedim ents caused  by gas or fluid 

expulsion  from the seabed (Hovland & Ju d d , 1989), a re  easily 

recognizable in m ultibeam  sonar bathym etry. Authigenic carbonate  

p rec ip ita tions are  caused  by the  oxidation of the  seeping fluids by 

bacteria l com m unities (Kulm and  Suess, 1990). This deposited  m ineral 

h a s  h igh acoustic  im pedance th a t can  be identified in sonar b ack sca tte r 

records. C om m unities of shellfish often form in  the  vicinity of seepages. 

These com m unities form a  food chain  based  on the  chem osyn thesis of 

the  seeping hydrocarbons, and  the ir h a rd  shells can  im prin t a  

charac teristic  re tu rn  in so n ar b ack sca tte r records (Orange et al, 1999).

The Eel River B asin offshore N orthern California will be u sed  to

a sse ss  the  applicability of acoustic  rem ote sensing  m ethods for the

location of near-su rface  gas accu m u la tio n s. The Eel River B asin  w as

extensively investigated a s  p a rt of the  STRA TAFORM (STRATA

FO Rm ation on the Margins) project, a  m ulti-year, m ulti-investigator

program  funded by the  U.S. Office of Naval R esearch  (Nittrouer, 1998).

D uring  th is  project, an  im m ense d a tab ase  of m arine inform ation w as

collected (Mayer et al., 1999), including acoustic  rem ote sensing  d a ta

collected a t 95kH z (m ultibeam  sonar) an d  a t 100kHz (sidescan sonar).

The acoustic rem ote sensing  d a ta  will be analyzed in con junction  w ith

o ther layers of inform ation available in  the  exploration region, including

a  core da tabase , s tru c tu ra l m aps, location of wells, geochem ical d a ta  and

geophysical da ta . This analysis will a ttem p t to link  anom alous acoustic
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b ack sca tte r on the seafloor to sub-su rface  s tru c tu re s , a  necessary  step 

tow ard the  u n d ers tan d in g  of the  stra tig raphic  or tectonic control of 

seafloor seepages. New visualization techniques, w hich take  advantage of 

3D tools and  GIS integration, are u sed  to help analyze and  u n d e rs ta n d  

these  complex rela tionsh ips in  a  n a tu ra l and  intuitive m anner.

3 .3  G eologic S ettin g

The Eel River B asin  is located no rth  of the  M endocino triple 

ju n c tio n , w here three m ajor tectonic p lates in tersect: the  North

Am erican, G orda and  Pacific p la tes (Field, 1980). The B asin  ex tends 

200km  no rthw ards from Cape M endocino, California u n til Cape 

Sebastian , Oregon (Fig. 3.1). The easte rn  boundary  of the  b asin  is the 

coastline an d  the  w estern  boundary  is the con tinen ta l slope, w hich 

coincides w ith the  easte rn  boundary  of the G orda Plate. The so u th  

portion  of the  b asin  ex tends 50 km  in land  in H um bold Bay, exposing 

T ertiary  deposits.

The Eel River m argin  is s truc tu ra lly  com plex an d  is located in  a

tectonically active area. Its m ajor m orphologic fea tu res were developed

during  late T ertiary  and  Q uaternary  in response  to tecton ics forces

(Clarke, 1987). The subduc tion  of the  G orda p late  b en ea th  the  North

Am erica plate p roduced a  fore-arc trough, w here the  Eel River B asin

sedim ent deposits accum ulated . This norm al su b d u c tio n  in con junction

w ith the no rthw ard  m igration of the  M endocino triple ju n c tio n  have
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produced  a  system  of n o rth -northw est-trend ing  fau lts an d  com pressional 

fold axes th ro u g h o u t the basin . A m ajor feature crossing  the s tudy  a rea  

is the  Little Salm on Fau lt (Fig. 3.14), w hich h a s  a  to ta l throw  of 2000m  

(Wagner, 1980). Many exposed anticlines and  diapiric s tru c tu re s  outcrop  

on the  seafloor, suggesting active plate coupling. This a rea  h a s  a  h isto ry  

of seafloor instability , show ing some m ajor slide fea tu res (Fig. 3.13). One 

of them , the Hum bold slide, con ta ins evidence of a b u n d a n t pockm arks 

(G ardner et. al, 1999). Offshore of the  self an d  slope a b u n d a n t 

Q ua ternary  deposits were developed (Carver, 1987). The Eel River is the 

prim ary  source of terrig inous sed im ents for the  basin . A nother source is 

the  Mad River, w hich con tribu tes only ab o u t 10% of the  to ta l sed im ent 

discharge.

The n o rth e rn  California con tinen ta l m argin  reveals evidence of 

a b u n d a n t subsu rface  gas and  n u m ero u s seafloor expulsion fea tu res 

(Yun et al., 1999). Seism ic-reflection profiles confirm  the presence of 

subsu rface  gas th ro u g h o u t the  Eel River basin . Differential sed im ent 

loading and  tectonic activity have caused  overpressure  on the  gas 

generated  in deep layers. This overpressured  gas m igrates to the  seafloor 

th rough  perm eable pathw ays, creating  anom alous geologic an d  biologic 

features, su ch  a s  pockm arks and  chem osynthetic  com m unities (Hovland 

& Ju d d , 1989).
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Figure 3.1- Eel River B asin  w ith m ajor plate boundaries (Clarke, 1987). 

The study  a rea  is show in  the  highlighted box.

There is evidence th a t the  gas seepages and  rela ted  fea tu res 

observed offshore have bo th  biogenic and  therm ogenic origins. Analyses 

of cores have show n therm ally  produced hydrocarbons in  sed im ents 

sam ples recovered from offshore California (Kvenvolden an d  Field, 1981). 

T his therm ogenic gas h a s  been reported  to rise to the  seafloor from 

generating  rocks though  tectonic fea tu re  an d  on the  border of anticlines. 

N ear to the Eel River an d  Mad River m ou ths, there  is also evidence of 

biogenic gases derived from  bacterial a ltera tion  of organic m a tte r  (Yun, 

2000 ) .
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3 .4  EM 1000  M ultibeam  data

M ultibeam  sonar bathym etry  an d  b ack sca tte r d a ta  were collected 

in  th e  Eel River B asin  in 1995 (Goff et al., 1999). The system  u se d  during  

the  survey w as a  Sim rad EM 1000 m ultibeam  sonar. This equ ipm ent is a 

p recision seafloor m apping system s designed for shallow  to m edium  

w ater dep ths, w ith an  operating  frequency of 95kHz. The raw  da tag ram s 

recorded during  the  survey have a  dep th  value an d  a  b ack sca tte r time 

series for each beam  (Anonymous, 2000). Figure 3.2 show s a  m osaic of 

the  acoustic  back sca tte r collected during  the  survey an d  the  location of 

core sam pling sites, collected during  the  course of the  STRATAFORM 

program . The analysis of core sam ples a t  various locations provides local 

m easu rem en ts of sedim ent physical properties. Som e core sites also have 

m easu rem en ts of free gas con ten t in the  sedim ent.

The raw  back sca tte r da tag ram s recorded du rin g  the  survey were 

p rocessed  an d  radiom etrically  corrected for fu rth e r analysis. The 

processing consists  of recovering the  da tag ram  s tru c tu re  an d  locating 

each  beam  in a  cartographic  projection. Radiom etric corrections include 

the  removal of the  tim e varying and  angle varying gains applied  du ring  

acquisition, calculation  of the  true  grazing angle w ith resp ec t to a  

bathym etric  m odel, and  correction for footprint size. The bathym etric
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model is obtained by gridding the refraction- and motion-corrected depth 

solutions available for each beam.

124°30‘ 124? 15'

41°G0’ 41°00‘

40 ° 45 '

]24°30' 124° \ 5‘

Figure 3 .2- Multibeam sonar survey area showing acoustic backscatter 

response (High backscatter in white, low backscatter in black). The red 

dots are core-sampling sites.

The map shown in Figure 3.3 is a corrected backscatter mosaic for 

the survey area. Only beams with grazing angles between 30° and 60° 

were used for the mosaic, in order to avoid the strong specular 

component of the backscatter near nadir and the effects of the critical 

angle at small grazing angles. The angular sector between 30° and 60° is 

also the most sensitive to volume backscatter, as in the near nadir region 

the backscatter is dominated by seafloor roughness and impedance
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contrasts. Furthermore, beyond the critical angle only a small fraction of 

the acoustic energy penetrates the seafloor, which makes volume scatter 

a secondary contribution. The beams for the selected angular sector were 

averaged over 20 consecutive sonar pings. The mean backscatter value, 

averaged over grazing angles from 30° to 60°, was assigned to the centre 

of the seafloor patch ensonified by these beams. This represents a 

footprint size of between 50m to 200m depending on the water depth.

124°30' 124° 15'

41°00'

40°45‘

124°30' 124° 15*

Figure 3.3 -  Corrected backscatter response.

3 .5  Backscatter Response Sim ulation

Fonseca and Mayer (2001) describe a model for the high-frequency 

backscatter angular response that estim ates the backscattering strength
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for a  p a rticu la r seafloor type as a  function of frequency an d  grazing 

angle. This m odel is an  extension of the  m odel developed by Ja c k so n  et 

al. (1986) and  is based  on seven param eters th a t  reflect sed im ent 

physical properties and  seafloor roughness (Equation 1): a) one 

param eter for gas fraction in  the  sedim ent s tru c tu re  (£,); b) two 

p aram eters  for im pedance, sound  velocity ratio  (v) an d  density  ra tio  {p); c) 

one p aram eter for a ttenuation : loss tan g en t {S); d) two param ete rs  for 

roughness, the  spectra l s treng th  (a>2 ) an d  the  spectra l exponent of bottom  

relief (A), and; e) one param eter for volume con tribu tion  (c2). The 

acoustic  frequency (/), the  dep th  (d) an d  the  grazing angle (9) of the  wave 

front w ith the  seafloor are trea ted  a s  given param eters . Using th is  model, 

we can  estim ate  the  backscattering  cross section of a  seafloor p a tch  

provided th a t  we can  m easu re  the  m odel pa ram ete rs  a t  th is  location. 

This process is know n as b ack sca tte r response sim ulation.

a l(0 , f ,d ) = F ( e , f ,d ; %,p,v,5,oo2,A,<J2) ^

at - Total backscattering  cross-section  per u n it solid angle per u n it  area.

The b ack sca tte r response  sim ulation  will be done on a  su b -a re a  of 

the  Eel River B asin  w here we have sufficient knowledge of th e  m odel 

param eters. The m odel pa ram ete rs  are  obtained from  available cores in 

the  survey a rea  (Fig. 3.2). A lm ost all the  cores have m easu rem en t of 

grain  size, sound  speed a n d  bu lk  density. There are no available
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m easu rem en ts  of the  roughness param eters an d  very few m easu rem en ts 

of a tten u a tio n  for the  stud ied  sites. In these  situations, a  

param eterization  in  term s of the  bu lk  grain  size w as u sed  (Anonymous, 

1994). Figure 3.4 show s T hiessen polygons draw n a ro u n d  m easu rem en ts 

of grain  size ob tained  from core sam ples. The colours of the polygons are 

proportional to the  grain size. Similarly, Fig. 3 .5  show s T hiessen 

polygons draw n a round  m easu rem en ts of acoustic  im pedance (sound 

speed x bu lk  density).

The d istribu tion  of sedim ent properties show n in  Fig. 3 .4  an d  Fig.

3.5 are  u sed  as in p u ts  for the  backscattering  model. Initially, it is 

a ssu m ed  th a t there  is no gas in the  sedim ents. Figure 3.6 show s the 

sim ula ted  back sca tte r image. The m odel predicts a  h igher b ack sca tte r in 

shallow  w ater, w here coarser h igh-im pedance sed im ents are  p resen t. In 

deeper w aters, the  m odel predicts lower backscatter, due to the  low 

acoustic  im pedance and  finer grain sizes. Note th a t  the  sim ula ted  

backscattering  response  is quite different from corrected b ack sca tte r 

m easu red  by the  m ultibeam  sonar (Fig. 3.3). The sim ula ted  response 

based  on m easu red  physical p roperties show s high b ack sca tte r in 

shallow  w ater an d  low b ack sca tte r in deep w ater while th e  corrected 

m easu red  b ack sca tte r show s the  opposite trend.
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Figure 3.4 -  Thiessen polygons of grain size.
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Figure 3.5 -  Thiessen polygons of impedance.
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Figure 3.6 -  Backscatter response simulation.

3.6 Integrated GIS Analysis of Backscatter Anom alies

The total backscatter anomaly can be calculated as the difference 

between the measured and the expected backscatter. The measured 

backscatter is the corrected backscatter response showed in Fig. 3.3. The 

expected backscatter is the result of the response simulation of Fig. 3.6. 

The calculated backscatter anomaly is shown in Fig. 3.7.

Several factors may explain the backscatter anomaly, including 

changes in seafloor roughness that were not accounted for in our 

parameterization from grain size data, or the effect of gas. Figure 3.8 

makes clear that depth is highly correlated to the backscatter anomaly
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and, as  will be d iscussed  further, supports an association with the 

presence of near-surface gas.

124° 30' 124° 15'

41°00‘

40°45'

!24°30' 124° 15'

Figure 3.7 -  Backscatter anomaly.

The acoustic backscatter model presented in Fonseca and Mayer 

(2001) shows that depth plays an important role in the backscatter 

response of gassy sediments. In deep water a small amount of gas can 

result in a very high backscatter, a consequence of the higher bubble 

stiffness at high ambient pressure. In shallow water (less than 100m), 

the interface backscatter is severely reduced when the sediment is 

charged with free gas, due to decrease of sediment sound speed. 

Additionally, the volume contribution in shallow water is lower, due to 

higher attenuation of the bubbles in lower ambient pressure. This
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combination of factors often results in a net decrease in the total 

backscatter response in shallow water, relative to a gas-free sediment 

with the same physical properties.

Subaqueous Deltas

Figure 3.8 -  Backscatter anomaly -  3D view 

3.6.1 Near-Shore Negative Anom alies

There are two prominent negative backscatter anomalies (zones 

where the measured backscatter is less than the predicted for the 

measured physical properties) on the Eel and Mad River subaqueous 

deltas (Fig. 3.8). These two anomalies are located in shallow water (45m) 

and are associated to near-shore sand deposits delivered by the rivers. 

They represent the coarsest sediments in the survey area. Based on the
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b ack sca tte r model, h igh backsca tte r is expected from these  coarse 

sedim ents, the  opposite of w hat is seen in the  m ea su re m e n ts . The 

m easu red  negative anom aly canno t be explained by m eans of seafloor 

roughness. Even if we assum e a  very sm ooth seafloor, w ith the  lowest 

possible roughness param eters, the  expected b ack sca tte r would still be 

5dB higher th a n  m easured .

Gas w as reported  in th is  a rea  based  on m easu red  geochem ical 

anom alies. G as bubb les th a t rise though  the  w ater co lum n are detected 

a n d  m easu red  a t sea  using  a  towed gas chrom atograph  (hydrocarbon 

sniffer) (Fig. 3.9). The m easu red  hydrocarbons are  predom inately  

m ethane, suggesting a  m icrobial origin for the  gas, w hich is expected in 

the  organic rich  sed im ents of river su b aq u eo u s deltas (Yun, 2000). 

Additionally, a  towed electrom agnetic survey conducted  over th e  a rea  

revealed a  distinctive resistivity  profile across the  Eel River de lta  th a t 

could be due  to a  sm all gas fraction w ithin the  sed im ent s tru c tu re  (Evan 

e t al, 1999).

A sm all am o u n t of free gas on the  sed im ent s tru c tu re  can  explain 

the  p rom inen t negative back sca tte r anom aly on the Eel River 

subaqueous delta. The high concentra tion  of hydrocarbons m easu red  in 

the  w ater co lum n suggests the  presence of free gas in  th e  sed im ent 

stru c tu re , from  w here the  hydrocarbons are  seeping. The b ack sca tte r 

angu la r response  for the  coarse san d s  of the  Eel River de lta  can  be
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calculated using sediment properties measured at the core sites. The 

parameters used as input for the model are: grain size 0 .1 17mm, density 

1994 kg/m 3 and sound speed 1677m /s. The model was then run a 

second time, including a gas fraction of 0.03 and the depth (45m). The 

result is shown in Fig. 3.10 for the total backscatter strength with and 

without gas. Note that the model predicts as much as lOdB backscatter 

reduction due to the presence of gas.

Figure 3.9 -  Contour lines of concentration of hydrocarbons in the water 

column, measured at sea using gas chromatographic methods (from Yun, 

2000). The background image is the backscatter anomaly of Fig 3.7.
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Figure 3.10 -Model response at 95kHz using the sediment properties 

measured at the Eel River Subaqueous delta.

3 .6 .2  Deep-Water Positive Anom alies

Figure 3.8 shows an extended positive backscatter anomaly in 

water depths beyond 400m. The location of this positive anomaly 

coincides with a high occurrence of pockmarks on the seafloor (Fig. 

3.11). The density of seafloor pockmarks was interpreted on the records 

from deep-towed sidescan sonar (lOOKHz Datasonics SIS-1000). These 

sidescan sonar records showed nearly 4,000 pockmarks from 10m to 

25m of diameter (Yun et al., 1999).
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Figure 3.11 -  Density of pockmarks determined from deep-towed 

sidescan sonar (Yun et al., 1999), with areas of landslide (yellow 

polygons).

The high concentration of pockmarks is normally associated to

widespread of authigenic carbonates that precipitate on the seafloor.

Authigenic carbonates associated with the pockmarks were reported

during remotely operated vehicle (ROV) dives in the area (Orange, 1999).

These carbonate deposits increase the seafloor roughness with possible

augmentation of the backscatter response. However, results of core

analysis at this water depth reported very fine grain sediments

(0.004mm). The backscatter response of these fine-grain muddy

sediments is predominantly controlled by volume scatter, being less
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suscep tib le  to changes in seafloor roughness. Therefore, roughness can  

accoun t for only a  sm all p a rt of the  b ack sca tte r anom aly.

The positive backsca tte r anom aly associated  to the  high 

concen tra tion  of pockm arks in w ater dep th s beyond 400m  suggests the  

presence of active seeping gas in th is  p a rt of the  survey area. The gas 

probably com es from the dissociation of hydrates, w hich were indicated  

in these  a re as  by the  presence of bottom -sim ulating  reflections in  high- 

reso lu tion  seism ic lines (Yun, 1999).

A very sm all am oun t of free gas in the  sed im ent can  explain the 

positive anom aly in  deep-w ater. The back sca tte r angu lar response  for 

the  m uddy sed im ents of th is a rea  can  be calcu lated  using  sed im ent 

p roperties m easu red  a t  the  core sites. The param ete rs  u sed  a s  in p u t for 

the  m odel are: grain  size 0 .004m m , density  1994 k g /m 3 an d  sound  

speed 1526m /s. The m odel w as th en  ru n  a  second tim e, including a  gas 

fraction of 0 .005 an d  the  dep th  (450m). The re su lt is show n in Fig. 3.12 

for the  to ta l back sca tte r streng th  w ith an d  w ithou t gas. Note th a t  the  

m odel p red icts a  positive b ack sca tte r anom aly of a s  m uch  as 7dB due to 

the  p resence of gas.
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Figure 3.12 - Model response at 95kHz using the sediment properties 

measured at the deep-water backscatter anomaly.
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Figure 3.13 -  Backscatter Anomaly with location of anticlines, gas 

seepages and slide areas.
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Figure 3.14 -  Backscatter anomaly with distribution of faults.

3 .6 .3  Positive anom alies at the headscarp of Humbold and 

Northwest Slides

At the headscarp of Humbold and Northwest slides (Fig. 3.8), there 

are strong positive backscatter anomalies that can be related to 

subsurface gas accumulation. Results of core analysis at the head of the 

slides reveal high concentration of free gas in the sediment structure. 

Cores HS4, HS5, S280 and RS290 present a fraction of free gas greater 

than 0.07 (Fig. 3.13).

A gas fraction of 0.07 can explain the high backscatter anomaly at 

the headscarp of the slides. The backscatter angular response for 

sediments of this area is calculated using average sediment properties of
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the 4 core sites. The parameters used as input for the model are: grain  

size 0.0093mm, density 1795 kg/m 3 and sound speed 1560m /s. The 

model was then run a second time, including a gas fraction of 0.07 and 

the depth (300m). The result is shown in Fig. 3.15 for the total 

backscatter strength with and without gas. Note that the model predicts 

a positive backscatter anomaly due to the presence of gas.
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Figure 3.15 - Model response at 95kHz using average sediment 

properties measured at the headscarp of the slides.

There is evidence that the near-surface gas on the headscarps of 

Humbold and Northwest slides may come from deep reservoir sources. 

Multichannel seismic reflection profiles (16-40Hz) were collected in the 

study area in 1987. The distribution of subsurface gas was inferred in 

these seismic profiles based upon the presence of bright spots (abundant 

gas), and wipeout zones, which are acoustically impenetrable areas (Yun, 

2000). The resulting echo character map based on this interpretation is
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show n in  Fig. 3.16. Note th a t the  positive b ack sca tte r anom alies of the 

h e ad sc a rp  of Hum bold an d  N orthw est slides are inside a  gas w ipeout 

zone inferred from the  seism ic profiles (Fig. 3.13 and  Fig. 3.16).

More evidence for the  subsu rface  source of seeping gas in  the  a rea  

of the  slide h ead scarp s is the proxim ity of an  anticline w ith a  noticeable 

seafloor expression. Figure 3.13 show s the location of two gravity core 

sam ples KV152 an d  KV153 th a t  were collected n e a r the  c re st of an  

anticline. The resu lt of isotopic analysis of hydrocarbon from th ese  cores 

revealed the  presence of therm ogenic gas in the sed im ent (Kvenvolden 

an d  Field, 1981). These hydrocarbon seepages orig inated from  a  deep 

stra tig raph ic  layer in the  b asin  and  m igrated to the  surface th rough  

perm eable pathw ays. Figure 3 .13 also show s the location of a  gas- 

venting site th a t w as reported  during  a  ROV dive next to an o th e r 

an ticline (Orange, 1999).

A seism ic profile crossing  the  anticline ad jacen t to th e  Little 

Salm on F au lt is show n in Fig. 3.11. The presence of enhanced  reflectors 

nex t to the  c rest of the  anticline is probably related  to the  p resence of gas 

(Yun, 1999). The proxim ity of the  Little Salm on F au lt can  facilitate the  

gas m igration from the  reservoir to the  c re st of the  anticline. In  fact, the  

extension of th is fau lt zone in land  crosses a  productive gas field (Fig. 

3.14). Gas probably  accum ulates a t the  im perm eable c re s t of th is 

anticline u n til it seeps to the  surface th rough  frac tu res a t  the  b ase  of the
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folded structure. This seeping gas can explain the positive backscatter

anomalies around the folded structure (Fig. 3.13).

Figure 3.16 -  Backscatter anomaly with seismic Echo Character and 

faults.

Acoustic remote sensing methods can be used successfully to 

locate accumulations of near-surface gas. With the aid of an acoustical 

backscattering model for gassy sediments, backscatter anomalies 

measured by multibeam sonars can be related to near-surface gas 

accumulation. If gas is present in the sediment, depth will be highly 

correlated to backscatter anomalies. In a general case, gas in shallow 

water reduces the backscatter, while gas in deep water yields high

)24°30'

41°00' -4 1 W

-40°45‘

124°30’

3.7 Conclusions
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positive anom alies. The presence of near-su rface  gas, w hen analysed  in 

con junction  w ith o ther geological da ta , can  be related  to possible 

existence of subsurface  hydrocarbon reservoir. New visualization 

techn iques, w hich take advantage of 3D tools an d  GIS in tegration, a re  an  

essen tia l tool to m ake the connection betw een m ultiparam eter surface 

an d  sub -su rface  data . The detection of near-su rface  gas accum ulations 

by m eans of acoustic  rem ote sensing  techn iques can  provide a  fas t and  

inexpensive evaluation of the hydrocarbon po ten tial of offshore a reas, 

reducing  considerably  the  exploration risk. These techn iques can  also be 

u sed  to a sse ss  a  potential hazard  for offshore engineering facilities, by 

m eans of m apping a reas  of potentially  u n stab le  seabed.
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APPENDIX

JACKSON’S MODEL FOR ANGULAR BACKSCATTER

The p aram eter m odeled by Jack so n  et al. (1986) is the  to tal 

backscattering  cross-section  at(0) per u n it solid angle, per u n it  area. This 

d im ension less quan tity  is given by the expression:

cr,(») =  r 210“ "-'-- i -  , (1)
1q

Where:

9 - Grazing angle

r - S lan t range

aw - A ttenuation  coefficient of the  w ater in d B /m

I s  - B ackscattered  in tensity  a t the  receiver 

Jo - Incident in tensity

A - Ensonified area.
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Figure A. 1 - B acksca tter cross section geometry.

The to tal b ack sca tte r cross-section  at is m odeled a s  a  su m  of two 

different processes: interface scattering  an d  volum e scattering  (Fig. A.2). 

For th a t, the  seafloor is considered inhom ogeneous sem i-infinite 

propagation  m edia delim ited by a  rough surface. The in terface scattering  

occurs a t  the  w ater-sed im ent interface, w here the  seafloor ac ts  a s  a  

reflector an d  sca tte re r of the  inciden t acoustic  energy. A portion of the 

incident acoustic  energy will be tran sm itted  into the  seafloor. This 

tran sm itted  energy will be sca ttered  by heterogeneities in  the  sed im ent 

stru c tu re , w hich are  the  source of the  volum e scatter.

crt(0) = CTr(0)+<?v(&)> (2)

Where:

<jr(0) - in terface backscattering  cross section.

c t v ( O )  - the  volum e backscattering  cross section.
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Figure A.2 -  Two different contributions: Volume and  in terface

scattering .

C om posite R oughness M odel

The com posite roughness m odel developed by Jack so n  e t al. (1986) 

estim ates the  interface backscattering  cross section (ov) for a  p a rticu la r 

seafloor type as a  function of frequency an d  grazing angle. T his m odel 

defines the  seafloor type based  on five pa ram ete rs  th a t  reflect sed im ent 

physical properties an d  seafloor roughness  (Eq. (1)): a) two param ete rs  

for im pedance, sound  velocity ratio  (vj an d  density  ratio  (p); b) one 

p aram eter for a ttenuation : loss tan g en t (S), and; c) two p a ram ete rs  for 

roughness, the  spectra l s treng th  (at2) and  the  spectra l exponent of bottom  

relief (A). The acoustic  frequency (fj and  the  grazing angle (6j of th e  wave 

front w ith the  seafloor are trea ted  a s  given param eters .
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o-r(6>,/) = F(6>,/; p,v,S,ro2,X) (3)

ov - Interface backscattering  cross-section  per u n it  solid angle 

per u n it area.

6 - Grazing angle.

/  - Frequency.

p  - Ratio of sed im ent m ass density  to w ater m ass  density .

v - Ratio of sedim ent sound  speed to w ater sound  speed.

5 - Loss param eter

a>2 - Spectral s treng th  a t  w avenum ber 1 r a d /m

X - Spectral exponent

The loss tan g en t pa ram eter is defined as the  ratio  of the  im aginary

w avenum ber to the  real w avenum ber for the  sedim ent. It is re la ted  to the  

a tten u a tio n  coefficient, the frequency and  the  sound-speed  in the 

sedim ent.

5 =
r V wln(10) ^a

J j 407T

Where,
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a  - A ttenuation  coefficient in d B /m

cw - Sound  speed in water.

/  - Acoustic frequency

A tw o-dim ensional power spectra l density  function  (Fig. A.3) is the 

u sed  to describe the  roughness d istribu tion  a t  the  w ater-sed im ent 

interface:

W{k)= w2k~x (5)

W here,

k  = wave num ber.

1000

0,01
0.0 0.2 0.4 0.6

Figure A.3 - Typical tw o-dim ensional power spectra l density  function

In th is  form ulation, the  bottom  roughness  is a ssu m ed  to be 

isotropic an d  described  by a  random  variable h(r). The difference h(r+r0)-
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h(r) is considered a  sta tionary  random  process th a t  is related  to the 

power spectra l W(k) by the s tru c tu ra l function  D(r):

W here, 

a  = { l l  2 ) - l

C 2 2nw2r(2 -a )2 -2a 
h a ( l -a )r ( \  + a)

The fundam en ta l assum p tion  of the  com posite roughness m odel is 

th a t the  b ack sca tte r cross section can  be calcu late  based  on the  sm all- 

scale roughness w ith local grazing angle dependen t on the large scale 

slope (Fig. A.4). The boundary  betw een large-scale and  sm all-scale 

ro ughness is delim ited by the  acoustic  wavelength. The b ack sca tte r 

cross-section  arr from a  sm all p a tch  of the  seafloor is m odeled based  on 

the  Rayleigh-Rice theo iy  for sm all p e rtu rb a tio n s  (Kuo, 1964). The 

m odification proposed by M ourad and  Ja c k so n  (1990) takes in to  acco u n t 

the  acoustic  a tten u a tio n  in the  sedim ent, including the  effects of the 

critical angle.

(6)

{e) = AkUinA{d'\Y{9}2W{Kg) (7)

W here,
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k  -  Acoustic w avenum ber

Y(e)= (p  -  l)2 cos2 (0) + p 1 - K 2 
[psin(0) + P (0 ) f

P{0) = ijrc2 - c o s 2(0)

K = — (l+ /£>)) 
V

Ks = 4k 2 cos2($)+ m 2
vioj

e+h

:l|ii=Earge;:Sbale;.Btb3pb

Figure A.4 -  Local grazing Angle corrected for large-scale ro u g h n ess  

slope.
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The com posite backscatter solution for sm all grazing angles is 

ob tained  by averaging the sm all roughness p e rtu rb a tio n s over the  bottom  

slope:

where,

S(0,s) - Shadow ing function, 

s  - rm s slope of the  large-scale surface

hx - local large-scale slope

The function  S(9,s) a ccoun ts for the  shadow ing of the  large-scale 

surface.

(8)

(9)

W here,

0 = 41

tan(<9)
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The rm s slope of the large-scale surface (s) can  be derived from  the 

s tru c tu re  function D(r):

v2y f i -2^
1 \-a

k 2
s  =  ■

2(1 -  a)
( 10)

K irch h o ff S olu tion  for Large Grazing Angle

For large grazing angle, Ja ck so n  rep laces the Com posite 

R oughness m odel by the Kirchhoff approxim ation. The Kirchhoff solution 

is a  function  of the  roughness and  im pedance co n tra s ts  a t the  w ater- 

sedim ent.

|j?(90°)|2
crkr{&) = - — . 2(n, 2<v. j exp(-qu2a)J0(u)udu (11)

%7t s m  (fc'jcos {&)'

where,

Jo(u) - Bessel function of the  first k ind  and  zero order

q = sin2 {0)cos2a (6>)C2 2l~la K2(1~a)

psmjO)- P{6) 
p  sin($) + P(0)

F(a) - G am m a function
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The expression for crr is calcu lated  a s  an  in terpolation  betw een the 

Kirchhoff approxim ation and  the  com posite roughness solution.

° A ° )  =  f { x ) ° c r (0) ■+ [l ~ /MW (0) (12)

W here,

cxcr(O) - Com posite backscattering  cross-section  

<Jkr(0) -  Kirchhoff backscattering  cross-section  

/  (x) = (1 + exy l - In terpolation function 

x = 8O(cos(0) -  cos(0I5ift)

0i5db = Angle a t  w hich the  Kirchoff b acksca tte r is 15db bellow its 

m axim um .

V olum e B ackscatter

In h is approach  for determ ining  volume backscatter, Ja c k so n  

considers the sed im ent a  statistically  inhom ogeneous sem i-infinite 

propagation  m edia delim ited by a  rough surface. W ith th is  sim plification 

he defines a  volum e backscattering  cross section equivalent to the  

interface, u sing  a  sim ilar so lu tion  to the  one proposed by S tockhausen  

(1963). The to tal volume con tribu tion  is dependen t on a  free p a ram eter
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<32, w hich is calcu lated  based  on the  ratio  of the  sed im ent volume 

scattering  cross section to sedim ent a tten u a tio n  coefficient.

<V(0)
-  5&r2c[l ~~ R2(0)\ sin2(6)) 

vln(lO)|P(0)|2Im|P(0)| (13)

In analogy to w hat w as done w ith the  in terface backscatter, the  

volum e b ack sca tte r cross-section  is averaged over th e  bottom  slope:

, {0) = K  (0 + K )exp
7T2S 9

dh (14)
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