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Figure2.ContouredbathymetryoffYaquinaEntrance,Oregon,collectedwithasingle-beamacousticsystemwithcloselinespacingandtightspecifi.­
cations(fromHUGHESetal.(1995)).

dia(similartothetreatmentusedinopticsoroceanwaves)
suchthat:

isreflectedandrefractedisdescribedbySnell'sLaw(SHER­
IFFandGELDART,1982):

Tperiodoftheacousticwave
v=frequency
X.wavelength
Vspeedofthewave"disturbance"

Whenawaveencountersanabruptchangeinelasticprop­
erties,partoftheenergyisreflectedwhilethebalanceisre­
fractedintotheothermedium.Theproportionofenergythat

VIvelocityofsoundintheuppermedia
V2velocityofsoundinthelowermedia
01angleofincidence
O2angleofrefraction

Thequantitypiscalledtheraypathparameter.Theabove
relationshipassumesaplanarsurfaceand,therefore,specu­
larreflections.Ifthesurfaceisirregularandhasbumpsof
heightd,reflectedwavesfromthebumpsreachthereceiver
beforethewavesfromtherestofthesurfacebyadistance
2d.Thesecanbeneglectedwhere2diii.<JA(the"Rayleigh
criterion"),i.e.,whend<V8(SHERIFFandGELDART,1982).

where:

X.
T=­

V

1V
v=-=- TX.

V=vII.(2)

where:

sinO2

V2
p(3)
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Seabat 9001 Multibeam Sonar
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60 Simultaneous Beams.
Beamwidth 1.5 Degrees
Covers 90 Degrees Arc

Coastal
Structure

9001

Vessel

Figure 3. Beam pattern of the SeaBat 9001, showing its ability to image submerged portions of breakwaters.

Vertical Exag. = 2:1
Total Length Shown'" 90 m
Highest Elev. '" -1.5 m mllw

YAQUINA NORTH JETTY
Newport, Oregon

6/26/94

Jetty Tip

Figure 4. Processed SeaBat 9001 image ofYaquina North jetty. Image shows about 90 m of the seaward (north) side of the rubblemound structure from
a depth of -1.5 m mllw down to the seafloor.
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Figure5.Subbottomseismicsurveyingfromasmallboat.

Z,=VXP(velocitytimesdensity)(i.e.,acousticimpedance)
R=reflectioncoefficient(alsoknownasthereflectivity)

Table6listsdensitiesofcommonmaterialsencounteredin
seismicprospecting.Itshowsthatasthedifferenceinimped-

Thistellsusthatthereisapracticallimittothesizeoffea­
turesthatcanbedetectedonasurfacewhichdependsonthe
frequency(andhencethewavelength),oftheacousticsignal
source.Forexample,ifaBubblePulseI'sourceisusedwith
adominantfrequencyof400Hz(Table1),thewavelengthin
sandstone,assumingavelocityof2,000mis,isequalto5m.
Therefore,anirregularitydwouldnotbedetectedifitwere
lessthanaboutVsX5or0.6mhigh.

Thestrengthofareflectedsignal,andhencetheabilityto
detectaninterface,dependsuponthepartitioningofenergy
asthesignalispartlyreflectedandpartlyrefractedatthe
materialinterface.Mathematicalrelationshipsknownas
Zoeppritz'equations(detailedinSHERIFFandGELDART
(1982))describethispartitioning.Thefractionsofenergyre­
flectedandtransmittedaregivenbyERandET,whereER+
ET=1.0.ERiscalculatedfrom:

•Directarrivals-signalreceiveddirectlyfromthesound
source

•Multiplereflections-repeatedechoesfromastrongreflec­
tor,usuallytheseafloor

•Watersurfacereflection
•Sideechoes-reflectionsfromirregularbottomorhardob­

jectssuchasman-madestructures
•Singlepointreflections-reflectedenergyradiatedfrom

smallpointobjectssuchasrockpinnaclesorpipelines

4FrombookletpreparedbyEG&GCorporation,Waltham,Mas­
sachusetts,1977.

ancebetweenthetwomaterialsincreases,Rincreases,thus
resultinginmorereflectedenergy.Forexample,ahardsea­
floorproducesastrongerreturnthanasoftseafloor.Formost
interfaceswithintheearth,impedancecontrastsaresmall
andtypicallylessthan1percentoftheenergyisreflected.
Thisiswhysophisticateddataprocessingandnoise-reduction
proceduresareneededtorevealstratadeepwithintheearth.
Becausetheseafloor,theseasurface,andthebaseofthe
weatheringlayerarerelativelystrongreflectors,theyarere­
sponsibleformostofthemultiplereflectorsthatoftenob­
scureportionsofsubbottomreturns.

Lackofsignalpenetrationiscausedbymanyconditions.
Coarsesandandgravel,glacialtill,andhighlyorganicsedi­
mentsareoftendifficulttopenetratewithconventionalsub­
bottomprofilers,resultinginrecordswithdatagaps.Thelack
ofpenetrationitselfisadiagnostictool.Forexample,gassy
sedimentscauseserioussignaldegradationandgapsinre­
cords(Figure6).Often,littleusefulsubbottomdatacanbe
collectedinestuariesandrivermouthsbecausetheycontain
somuchorganicmaterial.Forexample,muchofChesapeake
Bayisalmostopaquetohigh-resolutionseismicimaging.In
theseconditions,coresmaybenecessarytofillinthemissing
geologicalinformation.Digitalsignalprocessingofmulti­
channeldatacansometimesextractusefuldatadespitepoor
signalpenetrationornoise.However,signalprocessingisnot
magicandtherearelimitstowhatitcanachieveindifficult
environments.

Severalkindsofspurioussignals(i.e.,noise)causedifficul­
tiesininterpretinganalogseismicrecords

4
:

(4)

Bottom

Water

Surface

Horizon3

Horizon2

Horizon1

E_(Z2-Z,)2_ R-----R2
Z2+Z,

where:

Table6.Energyref/ectedatinterfacebetweentwomedia.

FirstMediumSecondMedium

InterfaceVelocity'Density'VelocityDensityZ,IZ,RER

"Soft"oceanbottom1.51.01.52.00.500.330.11
"Hard"oceanbottom1.51.03.02.50.200.670.44
Oceanbottomwithgassand1.51.02.21.80.380.45020
Surfaceofocean1.51.00.360.00123,800-0.99940.9988
Baseofweathering0.51.52.02.00.190.680.47
Shallowinterface2.12.42.32.40.930.0450.0021
Sandstoneonlimestone2.02.43.02.40.670.20.04

'km/s
'g/cm3

CondensedfromSHERIFFandGELDAHT(1982)
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Figure 6. Subbottom pro/Her record from Charleston Harbor showing gassy sediment. Data collected with a digitally-recording boomer system.

Resolution

The two most important parameters of a subbottom seismic
reflection system are its vertical resolution and penetration.
As the dominant frequency of the output signal increases, the
resolution, or the ability to differentiate closely spaced re­
flectors, becomes more refined. Unfortunately, raising the
frequency of the acoustic pulses increases attenuation of the
signal and consequently decreases the effective sediment pen­
etration. Thus, it is a common practice to use two seismic
reflection systems simultaneously during a survey; one of
high-resolution capabilities and the other capable of greater
penetration.

The thinnest bed or layer that can be detected is about A/4
(SHERIFF, 1977). Using the example of a 400 Hz signal in
sandstone with X. = 5 m, layers as thin as 1.25 m should be
detectable (providing, of course, that there are sufficient
acoustic impedances to produce measurable reflections). If a
3.5 kHz profiler is used, the wavelength in sandstone is much

smaller, about 0.6 m, and layers about 0.15 m thick can be
detected.

During the 1980's, improvements in data acquisition and
signal processing made it possible for scientists to detect thin­
ner and thinner layers using high-frequency systems while
still achieving reasonable penetration, even in sands or other
difficult materials. For example, BERNE, AUFFRET, and
WALKER (1988) were able to image the internal structure of
sandwaves off Normandy, France, using a 2.5 kHz subbottom
profiler.

Interpretation Pitfalls

Acoustic characteristics are related to lithology so that seis­
mic reflection profiles can be considered analogous to a geo­
logical cross section of the subbottom material. However, be­
cause of subtle changes in acoustic impedance, reflections can
appear on the record where there are only minor differences
in the lithologies penetrated. Also, significant lithologic dif-

Journal of Coastal Research, Vol. 13, No.4, 1997



1074 Morang, Larson and Gorman

310308

,~

306304302300

CORAL OR~'CORAL O~,
LIMESTONE - '--' LIMESTONE ~_::::_,

298296294292290288286284281 282

o I I I I I I I I I! I I I I I I I I I I I I I I I I I

:- I~ -,,-~ -----.. '1'-' 'oJ' '-\
... k - ,__ _ - - 1- f--- - -- --- r-- t- "

~~, . ~-~' .~~-,~-~.-i,S~,.,J;~ '--f---.. ' - _ ----I-f--1- r-- t-
;;II;~: " ~r:-- ' ~-...~~~- - R • ,b-t,,--?\;- - 1

~; , !".,.;§~:S _~~;:;,; .-.~;31:::.~>-::' ~':"-'- -~ _, --~ -:..- ~2!:;. ~;~~':;", ~::r "'~~,__~'~

-- SEAFLOOR ~_

12 r-----~-:_--~--~-~~--------~--_;_~-~;-;-,-_--_-~-~-~-~~~::::::::::~~~:=--BE~~~~~~~~ENfS(SANDj-------Vl 24
"z0
u

36w
V>

~
:> 48

60

72

~ ~ ~

o
10

m
~

W
W
w
m

~ M

~ 1~~
110
1m
1~

lW
lW
1W

~

""'ti'I-",'}/'II"I'I:,'"J~ ~~'r J. : •. :

BUBBLE PUlSER-O.r.sorMcs SPRt200
"'etKt: _~..!i. _==~:~~_0..: _~"EiE:
UN no. ---!!!._. 0In: _~__
F1IteI; _UL.::..h~ .• '""'"' _lfl_f-!.:.J!_-'"
5calr. _~~...""'.._._ RllrC: __tl"i"':__
RlIO ..., .':J:~..-"'::'!~,_~ __ f1Ilw; _t~..:.L~~.l
R-.-: ...!!;!L'J.!.'!'_.... 0IlNt •..•..~:.u/;·...._

Figure 7_ Analog Bubble Pulser record from off Palm Beach County, Florida, showing coral outcrops and sand basins.

corded in units of milliseconds of two-way travel time. The
following equation converts from milliseconds to depth:

D = depth
T - Two-way travel time
V = average speed of acoustic signal

To compute the depth scale shown in Figure 7, V was as­
sumed to be 1,500 m/sec (4,900 fUsee):

T (msec)
D (ft) = 2 x 10-3 X 4,900 (fUsee)

Note that accurate sound velocity data is seldom available.
Therefore, layer thickness can only be approximated.

The seafloor in Figure 7 is recorded as a heavy double line.
The best way to determine the actual seafloor position is to
compare a known depth location with the depth recorded on
the echo sounder record; in this case, the correct seafloor
depth is just below the upper thick line. The first seafloor
multiple occurs at two times the water depth and displays
twice the slope of the originaL Around Fix 294, third and
fourth multiples have been recorded. An interpreter of seis­
mic records must be careful not to confuse multiples with

ferences may go unrecorded due to similarity of acoustic im­
pedance across interfaces, minimal thickness of the units, or
masking by gas (SHERIFF, 1980). As SHERIFF (1977) has writ­
ten, "Modern seismic sections often bear such striking resem­
blance to stratigraphic cross sections that they invite direct
interpretation by people who do not appreciate geophysical
limitations ... Because most reflections are interference com­
posites, there is no one-to-one correspondence between seis­
mic events and interferences in the earth." The user of geo­
physical data should be careful not to assume that, in noise­
free areas of good signal penetration, every waveshape vari­
ation has a geologic meaning or represents a buried feature.

Because of the dangers of incorrectly interpreting acoustic
artifacts, seismic stratigraphy should always be considered
tentative until supported by direct lithologic evidence from
core samples. In shallow coastal areas, it is common practice
by the Corps of Engineers to use water jet probing to accom­
pany subbottom seismic surveys. This is especially important
when there is a thin veneer of sand over more resistant sub­
strate and the actual thickness of the veneer can be measured
by the probing.

Interpretation Example

Figure 7 is an example of Bubble Pulser data from offshore
Palm Beach County, Florida (the same line shown in Figure
1). The vertical scale of analog seismic records is often re-

where:

TD=-xV
2

(5)
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genuine reflectors caused by buried structures or sediments!
Unfortunately, it has become a geophysicist's truism that a
multiple invariably ruins the part of the record where the
most interesting data should be found.

The low bump near Fix 300 is one of the coral reefs that
parallel the southeast Florida coast. The reef at Fix 304 is
almost flush with the surface. Coral reefs are distinguished
by their steep sides and, typically, by the lack of coherent
reflectors within the masses.

From Fix 282 offshore to the first exposed reef, a shallow
basin appears to be filled with relatively transparent, paral­
lel-bedded sediments, probably sand. The greatest thickness,
about 5 m (15 ft), occurs near Fix 296. A small pocket of sand
has collected between the two reefs (Fixes 301 to 303). Recall
that earlier we estimated the resolution of a Bubble Pulser
signal would be about 1.25 m (4 ft) in sandstone. Therefore,
thin layers of possibly cemented sands might not be revealed
by this tool. This underscores why cores are necessary to pro­
vide additional lithologic information, especially if the pur­
pose of the survey program is to identify sediment suitable
for beachfill.

Survey Patterns

As with most other types of offshore investigations, there
is no "best" way to layout a survey grid. The survey pattern
must be based on the total area to be covered, types of targets
being investigated, equipment and work boat to be used, time
available, weather, regulations, regional hazards (such as
shipping channels), and, maybe most important, funding
available for the field studies. Often, experience with the use
of certain tools and their efficiency in a particular geological
terrain is the best guide to laying out the tracklines. The
program should be flexible and amenable to changes based
on interpretation of the data as it is collected (MEISBERGER,
1990). This underscores how important it is that data be re­
viewed immediately, and not just collected and saved for fu­
ture interpretation. By then it will be too late to adjust field
parameters, and the records may be of little value.

It is generally most appropriate to run seismic surveys in
a pattern that is perpendicular to the suspected prevailing
geologic structures or surficial topography (MEISBERGER,
1990). Existing scientific literature and bathymetric maps
should be consulted to help plan the surveys. Along most
coasts, seismic lines are run perpendicular to the shore. For
example, along southeast Florida, two or three reefs run par­
allel to the shore and outcrop from the seafloor (Figure 7),
Between the reefs are accumulations of sand of varying thick­
ness. Surveys run perpendicular to the shore can identify the
extent of the sand accumulations and the areas of hard bot­
tom.

If the prevailing offshore geology is not parallel to the
shore, the survey lines should be adjusted to best image the
terrain. For example, off Ocean City, Maryland, ridges extend
from the shore in a northeast direction. In this area, FIELD
(1979) ran seismic lines in a grid at an angle to the shore
allowing him to run both parallel and perpendicular to the
ridges (Figure 8), Off Cape May, New Jersey, MEISBERGER

and WILLIAMS (1980) ran lines in a rectangular grid and col­
lected cores at selected intersection points.

For offshore areas where little is known about the surficial
geology, an alternative procedure is to run survey lines in a
zigzag pattern approximately perpendicular to the coast (Fig­
ure 9).

Quantitative Analysis of Subbottom Sediments

For many years, experienced geophysicists could identify
and predict some properties of subbottom sedin1ents based on
the appearance of their analog records, especially if they sur­
veyed in an area in which they had experience. This was an
imprecise art at best, and numerous attempts have been
made to develop quantitative methods to analyze signal re­
turns to predict sediment properties.

The Chirp Sonar, developed in the 1980's, was originally
sold as a high-resolution, quantitative profiling system. The
Chirp is a system in which a minicomputer generates a fre­
quency-modulated pulse that is phase- and an1plitude-com­
pensated to correct for the sonar system response. This pre­
cise waveform control helps to suppress correlation noise and
source ringing. When the reflected signals are received,
mathematical algorithms estimate the attenuation of subbot­
tom reflections by waveform matching with a theoretically
attenuated waveform. Details of the theory and mathematics
behind Chirp sonar are presented in SCHOCK, LEBLANC, and
MAYER (1989), LEBLANC, PANDA, and SCHOCK (1992) and
SCHOCK and LEBLANC (1992). Chirp appears to work well in
unconsolidated fine sedin1ents but less successfully in sands.
Its main weakness is that the final product degrades when
the mathematics cannot accommodate frequency or phase
changes of the returning pulses.

Another acoustic impedance system designed to assess bot­
tom and subbottom sediments was developed at the Water­
ways Experiment Station and has recently been tested suc­
cessfully at a nun1ber of coastal sites (MCGEE, BALLARD, and
CAULFIELD, 1995). This is an empirical technique which com­
pensates for absorption in each layer as a function of the cen­
ter frequency of a band-limited seismic trace, corrects for
spherical spreading, and uses classical multi-layer reflective
mathen1atics to compute reflection coefficients at sediment
horizons. This method uses discrete frequencies and is an ex­
tension of techniques developed by CAULFIELD and YIM
(1983) and CAULFIELD, CAULFIELD, and YIM (1985).

SIDE-SCAN SONAR SURVEYS

Side-Scan Sonar Theory

Side-scan sonar is a system of imaging underwater objects
using high-frequency acoustic signals. Originally developed
during World War II to detect enemy submarines, commer­
cial systems designed for scientific use became available in
the 1960's and since then have been extensively used by
oceanographic institutions, universities, pipeline and marine
construction companies, archaeologists, and treasure-hunt­
ers. Side-scan sonar has become an invaluable tool to evalu­
ate the condition of breakwaters, bridge piers, and other un­
derwater structures (CHRZASTOWSKI and SCHLEE (1988),
CLAUSNER and POPE (1988), MORANG (1987)).
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Figure 9. Zigzag reconnaissance survey pattern from the Florida east coast (from MEISBURGER (1990)).

The basic side-scan system consists of three parts:

(1) The transducers, mounted in a hydrodynamically stream­
lined body (towfish), towed at a depth below the turbu­
lence of the survey vessel's propeller wash

(2) A graphic chart recorder combined with a signal trans­
mitter and processor

(3) A tow cable connecting the two units (Figure 10)

Many modern systems also include a magnetic tape recorder

to record the incoming signals, allowing additional signal pro­
cessing at a later time or enhancing the display of particular
features.

Deployed a certain distance above the seafloor, the towfish
emits a pulse of acoustic energy. This narrow pulse is trans­
mitted at right angles to the tow direction and reflects from
objects on the seafloor. Transducers in the towfish detect the
reflections, convert them to electrical energy, and send them
to the signal processing unit onboard the survey boat. Even
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SECTIONA

~~~InHARBOR

LAKE

Figure10.Side-sonarinoperationfromasmallboat.

whenthesignalsarerecordedonmagnetictape,theyare
typicallyalsorecordedinanalogformonpaperstripcharts
asthesurveyprogresses.Eachreturningsignalisplottedon
thepaperadistancefromthecenterlinecorrespondingto
thetimeitwasreceived.Thecenterlineonthepaperrep­
resentsthetowfish'strackline.Seafloorobjectswhichare
closetothetracklinearedisplayednearthecenterline,while
objectslocatednearthelimitoftheselectedhorizontalrange
areprintedattheedgesoftherecord.Objectsdirectlyun­
derneaththetowfisharenormallynotimagedbecauseofthe
geometryofthesonar'sbeampattern.

Therecordedimageiscalledasonographandisanalogous
toacontinuousaerialphotograph.Itcangiveindicationsof
thenatureofthereflectingsurfacebecausethestrongerthe
returningsignal,thedarkerthecorrespondingmarkonthe
paper.Theintensityofthereflectedsignalisafunctionof
materialpropertiesaswellasofrelief.Hardobjectssuchas
bouldersandsteelproduceanintensereflection,whereasa
flat,softclayseafloorreflectsverylittlesignal.Onmostside­
scansystems,thereflectionofanobjectisrecordedasblack
whiletheacousticshadowbehindtheobjectiswhite(theop­
positeofwhatweseeinaphotograph).Theprintingonsome
side-scanrecorderscanbereversed,whichmakestheimage
resembleaphotograph,butwedonotrecommendthischange
becauseitconfusesexperiencedinterpreterswhoarefamiliar
withthetraditionalblackreturn/whiteshadowdisplay.The
widthoftheshadowzoneandthepositionoftheobjectrel­
ativetothetowfishcanbeusedtocalculateanobject's
height.BELDERSONetal.(1972),FLEMMING(1976),LEEN­
HARDT(1974),andMAZEL(1985)provideadditionaldetails
ontheuseandtheorybehindside-scansonar.Inaneffortto
characterizebottomtype,someresearchershavebeendevel­
opingrelationshipsbetweentheintensityofbackscattered
side-scanacousticalenergyandthegrainsizeofthebottom
materials(e.g.,SCHWABetal.(1991)andSCHWABandROD­
RIGUEZ(1992)).

Side-ScanSonarPracticalConsiderations

Thehorizontaldistancethatisimagedcanbeselectedby
theoperatorand,formostcommercialside-scansonars,is

SECTIONB

Figure11.Exampleofwoodcribbreakwaterwithstoneripraptoepro­
tectionandconcretecap.Breakwatersofthistypearecommonthrough­
outtheGreatLakes(fromMORANG1987).

between25and500m.Thechoiceofhorizontalrangeis
basedonwaterdepth,typeofsearchpattern,sizeandshape
oftarget,anddesiredresolutionoftheimage.Usuallya
rangeof25or50misselectedwhenadetailedimageis
desired,whileageneralreconnaissancesurveywillberunat
arangeof100mormore.

Formarinesurveysclosetoshoreorinshallowinlandwa­
ters,lackofwaterdepthseverelyrestrictsthehorizontal
rangethatcanbeachieved.Atraditional"ruleofthumb"is
thatthefishshouldbetowedatadistanceabovetheseafloor
ofabout10percentoftheselectedhorizontalrange(FLEM­
MING,1976).Asanexample,in10mwater,theminimum
towdepthwillbeabout2m(tokeepthefishbelowwaves,
surfaceturbulence,andpropellerwash),leavingthefish
about8mabovetheseafloor.Therefore,maximumhorizontal
imagingrangewillbeabout80mandtherecorderscale
shouldbesetat100m.

Manyfactorsaffectimageresolution.Vesselspeedisone
ofthese:aslowspeedenhancesresolutionbecauseitallows
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CALUMET HARBOR LAKESIDE
Figure 12. Lakeside, Calumet Harbor breakwater (near Indiana-Illinois border) (from MORANG 1987).

1079

more signals to be transmitted for a given linear distance of
seafloor. Typically, survey speed must be kept below 3-4
knots for satisfactory record quality. Wave action also de­
grades quality. In rough seas, as the boat rocks and rolls, the
tow cable is constantly jerked, in turn causing the tow fish
to twitch and jerk. Various shock-absorbing mounts using
elastic bungee cords can be rigged up to support the cable,
but this author has not found these measures to be particu­
larly helpful. In shallow water, when using survey boats up
to about 20 m length, 1.0-to-l.25-m waves are about maxi­
mum for satisfactory records. In deeper water, the longer tow
cable absorbs considerable shock. However, even when using
50-m oil-field workboats on the continental shelf, side-scan
record quality severely degrades once waves exceed 2 m.
Sometimes, in long-period swell conditions, survey lines can
be run with the seas, allowing the engines to be throttled
back. However, opposing the seas requires more power, and
the extra turbulence and vibration often ruins the records.

Other problems affect deep-water operations. Ringing or
strumming can occur when the frequency of the cable match­
es the motions of the vessel. Bungee cord shock absorbers or
plastic streamers (resembling fuzz or hair) can reduce the
strumming effect. Sometimes strumming can be eliminated

by changing vessel speed or cable layback. Analog side-scan
and subbottom signals are often seriously degraded when us­
ing tow cables longer than 500 m. The quality and electrical
integrity of connectors and cable splices is especially critical
when using long tow cables. Newer digital systems may not
suffer from signal degradation problems to as great an extent
as analog systems.

Planning Side-Scan Sonar Surveys

One of the worst mistakes a researcher can make is to sim­
ply contract with a survey company to go to sea and collect
side-scan records based on vague criteria of looking for coral
reefs, sand ridges, or other geology. Several critical factors,
that greatly affect the cost of the project, must be considered
before offshore reconnaissance surveys begin:

(1) What is the resolution, or the size of the objects that
must be identified? If, for example, a researcher needs to
identify 10-m2 coral outcrops up to several km offshore, the
surveys should be rather simple to conduct. If he insists on
identifying individual coral heads that are 10 X 10 cm, it can
be accomplished but only at ext;aordinary cost.

(2) What is the precision of the surveying; i.e., the repeat-
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Figure13.Lakeside,CalumetHarborbreakwater(nearIndiana-Illinoisborder)(fromMORANG1987).

abilityofreoccupyingaspecificsite?Forabroadarearecon­
naissance(forexample,CorpsofEngineersClass3specifying
two-dimensionalone-sigmaRMSpositionalerrornottoexceed
100m),surveyscanberunatmodestcost.Iftheuserneeds
Class1(RMSpositionalerrornottoexceed3m),costswillbe
dramaticallyhigher.Apotentialdatausermustalsoconsider
theissueofhowwasthesurveyprecisionvalidated?Specifying
astandardforasurveyisthefirststep;thecontractorhasto
deliverthisqualityanddocumentthatitwasachieved.

(3)Whenarethesurveystobeconducted?Thecalmerthe
weather,thebetterthequality.Howmuchweatherdowntime
cantheclientaffordtopaywhilethecrewwaitsforoptimum
seas?OfftheOregoncoast,whereseasoftenexceed2m,it
maybewisetocharterasbigaboatascanbeafforded.Inthe
GulfofMexico,smallerandlesscostlyvesselsmaysuffice.

(4)Inwhatformissurveydataneeded?Mostsurveysare
nowrecordeddigitallysothatthetapescanbereplayedand
reprocessedtomakemosaicmapsorenhanceparticularfea­
tures.Butforabroad-areareconnaissance,analogpaperre­
cordsmaybesufficient.

(5)WHOWILLINTERPRETANDMAPTHESURVEY
DATA!Thisisfarfromatrivialmatter.Inmanycases,itis
advantageoustohavethesurveycompanydotheinterpreta­
tionsothattheyarefacedwithcorrectingnavigationerrors,

catalogingdata,andconvertingdatums.Alltoooften,side­
scan(andotherseismic)recordsaregiventotheinhouse"ex­
pert"tointerpret,butthisprovestobefalseeconomyconsid­
eringthetimerequiredtosortthroughthesurveylogs,pre­
parebasemaps,plotfeatures,andprepareasummaryorre­
port.Asstatedearlier,fielddatashouldbeinterpretedim­
mediately,preferablyasthesurveyisinprogresssothat,if
necessary,theprogramcanbeadjustedtoenhancetherecords
orcoveringreaterdetailunexpectedorespeciallyinteresting
features.Werecommendthattheprincipalinvestigatorofa
geophysicsprojectbeinvolvedinallaspectsoftheprogram:
planning,fielddatacollection,andinterpretation.

(6)Isthereaneedforahighprecisionbathymetricsurvey
atthesametime?Normally,side-scansonarandbathymetry
surveysshouldberunsimultaneouslybecauseonetoolcom­
plementstheotherduringinterpretation.However,conduct­
ingbathymetricsurveysisanexpensivespecialty.Whatpre­
cisionisneeded?Asdiscussedabove,aClass1surveycosts
dramaticallymorethanaClass3survey.

EXAMPLESOFSIDE-SCANINTERPRETATION

Manyturn-of-the-centurybreakwatersintheGreatLakes
consistofwoodframes,knownascribs,thatwerebuilton
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Figure 14. Lakeside, Burns Harbor, Indiana (southeast corner of Lake Michigan).

land by skilled carpenters, floated into place, and filled with
stone rubble (Figure 11). In recent years, many of these
breakwaters have begun to deteriorate. Figure 12 is a sono­
graph from Calumet Harbor in southern Lake Michigan. The
wooden crib breakwater, protected with stone riprap, is seen
in the bottom of the figure. The edge of the breakwater is
marked with multiple lines, images of the wood beams. Near
the right side of Figure 12, a discontinuity in the lines may
represent a displaced crib that has begun to settle or tip. The
coarse stone riprap that protects the toe is also evident. Fur­
ther offshore, several oval deposits of coarse material lie on
the lakebed. These may be piles of material dropped in the
wrong location during construction or rehabilitation. The
mound near the center figure appears to have considerable
relief because the side closest to the towfish path (the center
line) is dark, representing a strong reflection, whereas the
opposite side is in shadow (which recorded as white). Ripples
and sand waves can be seen on the lake bottom, indicating
the presence of sand.

Another method used to build breakwaters in the Great
Lakes was to drive steel sheet pile in the form of large cir­
cular cells. These units were filled with rubble and capped
with concrete. The lower half of Figure 13 shows the sheet

pile cells at Calumet Harbor, protected with stone riprap. In
this case, the returns from the vertical steel walls were so
intense, the pattern of the cells is better seen on the opposite
(upper) side of the sonogram in the form of ghost images. The
strong reflections from curved sides of each cell have pro­
duced diffraction hyperbolas, similar to the hyperbolas that
are created by sharp subsurface reflectors in subbottom geo­
physical records (for example, from the edges of reefs or rock
outcrops). A damaged section of the breakwater shows up as
a wide area of rock debris with a depression in the center.
The harbor floor in the area is almost featureless and consists
of clay with little or no sand. The gains and thresholds on
the side-scan system (at least on a manually-adjusted sys­
tem) must be set so that even a featureless seafloor will pro­
duce a slight signal return - this is necessary in order to dis­
tinguish places where there is no return, such as from behind
objects or in holes.

Rubblemound breakwaters produce dark, irregular, blocky
reflections. Figure 14, an example from Burns Harbor, Indi­
ana, shows that the breakwater is built on a clayey lake bed.
Thin veneers of sand cover portions of the bed. As at Calumet
Harbor, there are piles of unidentified coarse material on the
lake bed some distance from the jetty.
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Thisformulaappliestoreflectionsfromflat,horizontalin­
terfacesatleastseveralwavelengthslongortoscattering
frompointsources.Itcanbeappliedtosuccessivelayersif€

isknownforeachlayerandthetimedelaystoeachlayercan
bepickedofftherecord.

Signalattenuationiscausedbyseveralfactors(SELLMANN,
DELANEY,andARcaNE,1992):

•Conductiveanddielectricabsorption
•Interfacetransmissions
•Sphericalbeamspreading

ThelastfactoriscompensatedbyautomaticTimeRange
Gain,whichappliesanamplitudegainthatincreaseswith
timeofreturn.ULRIKSEN(1982),DANIELS(1989),andDu­
VAL(1989)coverindetailfundamentalsofGPRanditsuse
incivilengineeringandgeology.OLHOEFT(1988)providesa
bibliographyofearlierGPRpapers.

LakeMichiganGPRExamples

ThefollowingGPRexamplesarefromaCoastalEngineer­
ingResearchCentermonitoringprojectconductedalongthe
southeastshoreofLakeMichigannearthetownofSt.Jo­
seph,Michigan.Oneofthepurposesofthestudywastode­
terminethethicknessofthesandlayeroverlyingglacialtill.

ApplicationsofGPR

Usingbothacousticprofilingequipmentandground-pen­
etratingradarinfreshwatersurveyspermitsresearchersto
obtainmorecompletesubbottomdatabecausethetwoap­
proachesrespondtodifferentphysicalpropertiesandhave
differentspatialsensitivities(SELLMANN,DELANEY,andAR­
CaNE,1992).TheresolutionofGPRistypicallylessthanthat
ofhigh-resolutionacousticprofilers.Forexample,thepulse
froma50mHz(centerfrequency)radarhasadurationof
about50ns,whichinwaterisabout1.7mlong.A100-mHz
commercialradarwithpulsedurationof28nshasapulse
lengthofabout0.8m.Incomparison,a7kHzprofilerhasa
wavelengthofabout0.2m.However,despitethelowerres­
olution,GPRisvaluablebecauseitcansometimesimagear­
easthatareopaquetoacousticenergy(e.g.,gas-chargedsed­
iments)ordonotpossessimpedancecontrastsadequateto
produceacousticsignalreturns.

Forthemostpart,GPRhasnotbeenusedinoceaniccoast­
alareasbecauseofsubsurfaceunitsthatcauseseveresignal
attenuation.Thesetypicallyincludefine-grainedestuarine
andlagoonalclaysandcoarse-grainedunitsthatcontainsalt
water.However,FITZGERALDetai.(1992)andVANHETEREN
etai.(1994)havesuccessfullyusedGPRtodelineatestruc­
tureandstratigraphyofbeachridgesinNewEngland,and
MEYERSetai.(1994)havereportedsimilarsuccessonthe
PacificCoast.Ingeneral,GPRissuccessfulwhenimaging
wideandhighbarrierswherethereisathicklensoffresh­
water.

(6)
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Figure15.Ground-penetratingradarrecordfromSt.Joseph,Michigan
(datacollectedandprocessedbyWesternMichiganUniversity).

GROUND-PENETRATINGRADAR(GPR)

Background

Commercially-availableshort-pulseradarequipmentused
forsubbottomimagingconsistsofacontrolunit,magnetic
taperecorder,andpowersupply,andacombinationtransmit
andreceivingantennaunit.Electromagneticenergyisre­
flectedfromearthmaterialsbecauseofvariationsindielec­
triccontrastandelectricalresistivity.Thesecontrastsdiffer
andmayexceedtheacousticanomaliesproducedbythesame
materials;thereforeGPRcansometimesrevealstrataand
materialchangesthatmightnotberevealedbyacoustic
methods.Radardatainterpretationisusuallybasedonthe
echodelayformula(SELLMANN,DELANEY,andARcaNE,
1992):
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Figure 16. Lakefioor structure off St. Joseph, Michigan, based on parallel GPR lines.
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The GPR system in this study, developed by Western Mich­
igan University, used a 145 mHz monostatic dipole antenna
mounted on a plastic sled. An acoustic transducer pointed
upward to measure water depth as the sled was towed along
the lake bottom. By keeping the sled on the bottom, the an­
tenna achieved better coupling with the sediment and re­
duced the signal attenuation that occurs when an antenna is
towed through the water. When the data were processed, the
records were corrected to show the correct water depth. In
Figure 15, an example of the processed records is compared
with an interpreted section, similar to the type of interpre­
tation usually used with acoustic subbottom profiler records.
Figure 16 is a diagram showing nine GPR lines from the.St.
Joseph study.

SUMMARY

Geophysical survey methods are powerful tools for deline­
ating subsurface structure and stratigraphy in coastal areas.
But these tools must be used carefully by experienced geo­
physicists and contractors. Projects must be planned thor­
oughly to take advantage of the particular instruments being
used and the scale and nature of features that are to be iden­
tified.

For bathymetric surveys, project planners should ask, as a
minimum, the following questions and plan their surveys ac­
cordingly:

• What are the boundaries of the survey area and how far
offshore will the area extend? This affects navigation and
tidal modeling.

• What preCISIon and accuracy is needed (or at least de­
sired)?

• What is the budget for the project? This directly affects
whether the requested precision and accuracy can be
achieved considering factors such as project location, mo­
bilization costs, distance from harbors and other support
facilities, and data processing.

• Who is the customer and how does the customer intend to
use the data? This directly affects what type of output is
needed (raw digital data, finished maps, etc.).

• How will the project be jeopardized by weather delays?

Subbottom geophysical surveys need to be planned with
the above considerations in mind along with additional fac­
tors:

• What is the scale (size) of objects that need to be analyzed?
What is the minimum resolution that will image the tar­
get?

• Who will analyze and interpret the records?
• How will the output be displayed or plotted?
• Is there a significant chance that the survey area is acous­

tically opaque because of gassy sediments? If so, acoustic
geophysical tools may not be suitable. Possibly an alter­
native method like ground-penetrating radar can be used.

We reiterate that geophysical data must be interpreted im­
mediately, preferably while the survey is underway. This
way, mistakes can be corrected and survey parameters can
be adjusted if the data is not revealing the structures that
are considered important. We must also emphasize that geo-
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physicaltoolsareindirectwindowsintotheworldbeneath
thesea-theyprovideamodelofsedimentsandstrataand
structure.Themostsuccessfulresultscomefromcomprehen­
sivestudieswherethesubsurfacemodelisverifiedwithcores
orotherdirectevidence.
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