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A Rapid Geophysical

for Subbottom Imaging
Purpose

This technical note describes the low-noise, high-resolution subbottom
imaging system developed to remotely and efficiently determine character-

istics of subbottom marine sediments as they relate to dredging. The

theo-

retical foundation of this approach, which is based on acoustic impedance,
is described. A case history survey of Galveston Ship Channel is also

summarized.

Background

The focus of this work, conducted bv the Dredging Research Pro
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toward developing a technique to remotely and efficiently determine char-

T/

acteristics of subbottom marine sediments as they relate to dredging

low-noise, high-resolution subbottom i imaging svstem is essentlal to thlS
program. To fulfill this requirement, a dlgltal data acquisition system has
been combined with specialized processing software to accurately assess

bottom and subbottom in situ conditions.

These undertakmgs respond to the fact that, each year, the U.S. Army
Corps of hnglneers spends millions of dollars on river and harbor mainte-
nance and smp channel reaugnment projects. Currently, the Lorps relies
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This technical note was written by Mr. R. F. Ballard, Jr., Mr. K. J.
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information, contact Mr. Ballard, (601) 634-2201, or the manager of the
Dredging Research Program, Mr. E. Clark McNair, Jr., (601) 634-2070.

Theoretical Foundation

The acoustic impedance method is a modification of the seismic reflec-
tion technique commonly used in offshore oil exploration but tailored to
shallow-water environments. As energy generated from an acoustic
source (in the form of a plane wave) arrives at a boundary between two
layers of differing material properties, part of the energy will be reflected
back toward the surface and part transmitted downward. Portions of the
transmitted energy will undergo absorption or attenuation in the layer
while the remainder propagates through to the next stratigraphic bound-
ary. Ratios between transmitted and reflected energy, called reflection co-
efficients, are dependent on the density and velocity of the materials
through which the energy is propagating.

Wave velocities are controlled by elastic properties of the two-phase sed-
iment mass (sea water in pores and mineral structure). Properties such as
porosity and grain size affect sound velocity only through their effects on
the elasticity of the sediment. In previous studies (Hamilton 1970, 1972),
it was concluded that elastic properties of water-saturated sediment could
be expressed through Hookean elastic equations, unless attenuation is con-
sidered, in which case linear viscoelastic equations are recommended.

The basic equation for the velocity of a compressional wave Vp is
1%
Vo = [(k + 4730)/p] (1)

where

k = incompressibility or bulk modulus and equals (1/[3)
B = compressibility

u = shear (rigidity) modulus

p = saturated bulk density

When a medium lacks rigidity, Equation 1 becomes

V, = (/p) " 2a)

or

1
V, = (1/Bp)” (@b)
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Compressibility B and density p in Equation 2b have been expanded into

D/

1
( 1 \, 1
= j {1 YA 1
Vo ‘\ B, + @ =M B I [mpy, + (1 - ) p,1 / 3)
where 7 is the volume of pore space occupied by water (fractional porosity)
and subscripts s and w indicate mineral solids and water.
The influencing parameters of this basic seismic wave equation suffice
to answer the question Why acoustics to characterize bottom/subbottom materi-
als? To continue, the acoustic reflection coefficient (R) is defined as
1 Eg
R = \I r
v 4)
where
ER = reflected energy
~ Ej= total energy incident to the boundary (see Figure 1)
The reflection coefficient is also equal to
77 rr N
ké’s - Lw)
(Zs + Zy) (5)

Zyw = pw Cy = water impedance
Zs = ps Cs = s0il impedance

Pw = 1 g/Cm3
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Hence, it is clear that the acoustic impedance (Zs) of the surficial layer
can be calculated readlly The product of transmission veloaty and den-
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1ate‘rial s characteristics on reflected and transmitted wave energy.
ip between acoustic 1mpeaance and specmc soil properties
i an extensive database of world averages of
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Table 1. Soil Classification Versus Acoustic Impedance Range
(Hamilton 1972)
2
Acoustic Impedance, %Q_g
Description cm®/sec
Water 1,450
Silty clay 2,016-2,460
Clayey silt 2,460-2,864
Silty sand 2,864-3,052
—
Very fine sand 3,052-3,219
Fine sand 3,219-3,281
Medium sand 3,281-3,492
Coarse sand 3,492-3,647
Gravelly sand 3,647-3,880
Sandy gravel 3,880-3,927
Note: Values corrected for temperature and salinity. |

At this point, it must be emphasized that Hamilton’s pioneering efforts
were limited to surficial bottom materials. To extend the depth of inves-
tigation into multilayer subbottom environments, Caulfield and Yim (1983)
devised a model correlating to Hamilton’s work. The model is used to
correct for absorption and other losses in bottom sediments as a function
of frequency so that the reflection coefficients and acoustic impedance of
sediments can be calculated as if they were surficial sediments (reflectors).
In practice, the concept is extended to each subsequent layer until the
signal-to-noise ratio is at a level from which information cannot be ex-
tracted with accuracy (normally 5 db). The model is then combined with
classical multilayer reflection mathematics to yield reflection coefficients
equivalent to surficial sediments for subbottom layers. Since some as-
sumptions must be made regarding attenuation factors (determined from
site-specific borings and laboratory data), this approach must be defined as
empirical.

Equipment

A seismic source of known energy content as a function of frequency,
deployed just below the water surface, generates acoustic waves that prop-
agate downward through the water column and sediments. High-
resolution profiling systems specifically designed for shallow-water use
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and operating at frequencies below 12 kHz are typically used. As a rule,
lower operating frequencies allow greater energy penetration into the sub-
bottom, but because of longer wavelengths, lack the vertical resolution of
higher frequency systems.

Two Commercially available geophysical instruments, a 3.5-kHz

e
t in the aco
s12nals are amohfled filt red. and rec
low seismic, dlgltal data acquisition svstem develooe In conjunction with
Caulfield Engmeermg (Caulfleld 1991a) Energy loss as a function of fre-
quency is then determined. The system also prov1des real-time presenta-
tion of the seismic signal for acquisition quahty control.
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N combinations of geologic conditions iy yleid similar signal
s characteristics and computed impedaﬁce values. In specific geologic
| regions such as the Mississippi Sound, Savannah Ship Channel, or San
Francisco Bay, differing sediment units usually have a characteristic and
relatively narrow range of impedance values. Therefore, using calibration
procedures that incorporate local core and laboratory data, seismic reflec-
tion data are processed at known sample locations to yield acoustic imped-

ance values of the known reflection horizons.

Estimates of in situ density are derived from computed impedance val-
‘ues and correlated with ground truth information. Acoustic predlctlons
versus core data for consolidated materials in Mobile and Gulfport Ship
Channels was presented by Ballard, McGee, and Whalin (1992). Results
documented were within 1 percent.

materials in the Gulfport Ship Channel. Agam correlation has
s 1, coupled

. A plot of the impedance function versus Iabora_tory measurements

{
‘_ J den51ty from core samples taken in the Mississippi Sound is presen
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Figure 1. Hamilton’s data (represented by the solid line in Figure 1), al-
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though obtained along the shelf and slope of the continental terrace, show

remarkable agreement.

At this point it should be noted that none of the above data were pro-
cessed by matched filter correlation procedures. Marked 1mprovement€ in
data resolution have been noted since signal correlation has been im-
plemented. This subject will be discussed in more detail later.

Case History
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17t01952/cm3)und rlyi oposed channel

est because of their potentlal use for beaches The followi
presents the methodology used to locate, identify, and qu h
rial of interest to the U.S. Army Engineer District, Galveston.
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Data Acquisition

In the normal course of data acquisition, field records related to ampli-
tude of recorded signal, time, and distance provide the geophysicist/
engineer with quick-look assessments of data quality and subbottom condi-
tions. Data are oftentimes dually recorded by analog and digital systems.
Analog presentations are usually in shades of gray, while digital data are

A ENN

R T ] T 7

4000 [ T PPORTAMISS. coumy MILTON) d -

- FOULr MWL IO, QUUNUD
©  MOBILE BAY /
s/
3,500 | ]
’ =]
w /9/6 o
(Z) o
o

S 3000 |- /o _
¢ /;/

2,500 |- A -

2000 |- e .

=] % (o]
1,500 L—utZ ! 1 1 | |
1.00 1.25 1.50 1.75 2.00 2.25 2.50
DENSITY, grom®
Figure 1. Computed impedance versus in situ density compared to Hamilton (1972)
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displayed in color. Figure 2 is a typical 3.5-kHz pinger amplitude cross
section obtained in Galveston Sh1p Channel Note that the tOD of the
graph is not the water surface, but an assigned water column’ delay. This

- offset allows full vertical expansion of the ‘subbottom display, which in

this case extends into the subbottom more than 40 ft. Changes in strati-
graphy are readily apparent. Records of this type are used as quick-look
guidance in boring placement.

Upon determination of the reflection coefficients and impedance func-
tion at known locations, the virtually continuous seismic profiles are
processea The smgle channel, digitally recorded data are read into the

r~

essing software developed with Caulfield nngmeermg (Caulfield

) and corrected for transmission losses due to spherical spreaamg
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Correlation processing also allows for identification of the frequency
characteristics of source 51gnals and noise, and provides techmaues to opti-
mize source and array selection, thus i improving frequency penetratlon re-
covery. This has resulted in vertical resolution improvement, reduced
noise contamination, and improved ability to target special materials or
objects.

Classical multilayer algorithms are used to compute equivalent reflec-
tion coefficients and 1mpedances along the profile. This in turn provides
aen51ty estlmates or shallow subbottom layers and classifies the litho-
uifield Cl Yim 1983). The results are cor-
corr
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rectea ior tiqal fiuctuations an elated with survey posmonmg data.
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Processed results are presented in the form of annotated amplitude cross
i engiona viewse color-coded acen
sections or two- and three-dimensional (3-D) views, color-coded according
to material density.
Density Predictions
By incorporating the virtually continuous coverage of subbottom
materials with digital terrain modeh..g techniques, rapid and accurate
i e to be removed by

prolect momtormg and long term Dlannm.c_{ Comouted ,,,,,,
within the project area can e dlsplaved in a color coded 3-D view as
shown in Figure 3, if desired by the user. In this example, lighter shad-
ings are 1nd1cat1ve of less dense material; the darkest are analogous to den-
sities 1.7 g/cm”

Ulsplays of this type provide much- improved data interpretation and
visualization for the end product user as compared to standard two-
dimensional presentations generated exclusively from boring information.
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However, caution must be exercised by the user to maintain an awareness

of real data versus computer-generated extrapolations.

Volumetric Calculations

Before computer-assisted volume estimates can be calculated, a continu-
ous 3-D computer model of the subbottom data must be generated for
each survey line. In addition, a 3-D perspective model (Figure 3) consist-
ing of a composite of data from all individual survey lines may be created
for use in modeling proposed channel cuts, evaluating slope stability, and
so forth. At the project planner’s discretion, he may elect to view an area

of interest from various angles or create different displays by stripping or
slicing at any desired coordinate

Using Figure 3 for our ex naterial to be re-
moved can be easily calcula ict the configu-
ration of siltv (“dirtv”) cands (1.7 v 2 864 to R 052 ¥ 102
;u;;v;év; Sty \ vy ) SAIAS \ AL/ L,0UT WU J,UUL AN U .
g/cm”/sec acoustic impedance) 1 gment of the proj-
ect study area. Calculating resent within a se-

line model.

lected area of the perspective model is a

volume of material present within the co respondin

ccomplished

> area of each profile

In our example, the profile line model shown in Figure 4 corresponds
to the section of the 3-D perspective model (Figure 3) nearest the viewer.
Note that the axes labels in Figure 3 show northing and easting coordi-
nates, while the axis label in Figure 4 reflects relative feet from start-of-
line. This conversion is necessary to correlate the profile line models to
amplitude records that are plotted with locations relative to start-of-line.
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Finally, the density of material to be displayed would be set to >1.7
g/ cm®. "Calculations based on these parameters are then computer-
generated and displayed, as shown in Figure 6, yielding an estimated vol-
ume of 167,366 cu yd of “dirty” sand (materials >1.7 g/cm”) within the
specified boundaries. This step is repeated for each profile line model
within the area of interest, summing the estimated volumes for an overall

project volume total.
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Conclusions

In its present state of development, acoustic impedance processing of
seismic reflection data provides an accurate, continuous description of
bottom and subbottom marine sediment characteristics in a rapid,
cost-effective manner. Results from properly calibrated surveys have been
used to provide Corps Districts and dredging contractors with

® Density estimates of marine sediments.

@ Continuous subbottom information for planning and designing dredg-
ing and sampling programs.

® Estimates of the volume and type of material to be removed through
dredging.

® A detailed and continuous geologic database for aiding long-term plan-
ning of future work.

Acoustic impedance information, if properly implemented in the project
planning stages, provides valuable data on the distribution and extent of
differing marine sediments, aids in locating optimal placements of sam-
pling cores, and supplements previously obtained soil borings by provid-
ing continuous profile coverage of sediment characteristics between
sample locations.

Epilogue

During preparation of this technical note, plans were formulated to per-
form high-resolution acoustic impedance surveys prior to dredging opera-
tions in Boston Harbor, Baltimore Harbor, and Houston Ship Channel.
Additionally, an acoustic survey is being planned to locate gravel beds in
the Atchafalaya River.

Possibly for the first time in Corps of Engineers history, the Mobile Dis-
trict advertised site conditions for dredging at Gulfport Ship Channel
using density predictions determined by geophysical acoustic impedance
surveying in addition to traditional bore hole information. True site
conditions, resulting from dredging operations begun in May 1992, have
been closely monitored and compared to predictions. Results, as reported
by Mobile District inspectors and dredging contractor Bean, have been
excellent.
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Figure 2. Pinger (3.5-kHz) amplitude cross section, Galveston Ship
Channel

ofile model showing area of interest within depth and location
boundaries
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. Figure 6. Profile model showing only material 1.7 g/cm3 density within area of

interest
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