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Experimental techniques and inverse methods have been established to extract marine 
sediment shear modulus with depth profiles from measurements of wave-induced seabed 
motion on the shallow continental shelf. Seabed sediments are modeled as a quasistatic, 
incompressible, layered elastic medium in response to wave-induced pressures. An iterative 
eigenvalue expansion technique is used to extract the inverse. Under typical continental shelf 
conditions, this inversion method is found to have a depth resolution limit of approximately 3 
m, with a maximum penetration of 200 m. Using semiempirical sediment models, it is possible 
to deduce sediment porosity, bulk density, and shear and compressional wave speeds from the 
shear modulus profile. One representative result from the New Jersey Shelf is examined in 
detail, and favorably compared with independent sediment profiling methods. A summary of 
experimentally determined sediment profiles from four other sites on the Eastern U.S. 
continental shelf is given. 

PACS numbers: 43.30. Ma 

INTRODUCTION 

As surface gravity water waves propagate through in- 
termediate to shallow water ( < 100 m deep), they induce 
small motions of the seabed sediments through variations in 
hydrodynamic pressure on the seafloor. The layered seabed 
sediments can be seen to behave in a massless, incompress- 
ible, elastic manner in response to water wave-induced pres- 
sures (Yamamoto et al. •-4 ). Under these circumstances it is 
possible to predict realistically the seabed response to pass- 
ing water waves if the sediment shear modulus at every 
depth is known. Conversely, through the use of geophysical 
inverse methods, it is possible to extract the sediment shear 
modulus with depth profile from measurements of seabed 
motion and wave-induced pressure. This new passive sedi- 
ment remote-sensing method and instrumentation system 
has been called the bottom shear modulus profiler (hence- 
forth BSMP). 

The experimental realization of this inversion scheme in 
a real ocean environment has been the thrust of five years of 
research by the Geo-Acoustics group at the University of 
Miami. The basic wave/seabed interaction theories and 
shear modulus inversion schemes were combined into a 

workable method by Yamamoto and Torii. 4 Since then 
many improvements and extensions to the original method 
have been made, and over 800 h of experimental BSMP data 
have been collected at sites offshore of New Jersey, George's 
Bank, and south Florida. This paper is intended as a sum- 
mary of sedimentary results obtained over the past 5 yr using 
the BSMP method. It is hoped that these sedimentary geo- 
acoustic results will provide useful references for future shal- 
low water acoustics experiments. 

Among all of the elastic moduli, the shear modulus is a 
particularly sensitive indicator of the skeletal structure of a 

a) Presently at: Ocean Physics, Institute of Ocean Sciences, 9860 W. Saan- 
ich Rd., Sidney, B.C. V8L 4B2, Canada. 

marine sediment. Shear modulus is an important parameter 
in many theories modeling seismic, acoustic, and surface 
gravity wave propagation in the ocean. Acoustic speeds in 
marine sediments are very important boundary conditions 
for shallow water acoustic propagation models. Also, a 
knowledge of the sediment shear strength, related to shear 
modulus, is essential for the proper design of offshore and 
coastal structures (e.g., oil platforms and breakwaters). Ex- 
tracting the seabed shear modulus is a challenging geophysi- 
cal problem, but once measured the shear modulus informa- 
tion opens many doors into geo-acoustic modeling and 
engineering design. 

Unfortunately, many existing methods for measuring 
the sediment shear modulus profile, such as standard pene- 
tration boreholes or cross-hole shear wave travel-time mea- 

surements, are physically difficult and time-consuming (and 
thus expensive). Such methods also suffer the unavoidable 
problem that the act of boring, drilling, or removing the sedi- 
ment can disturb the sediment framework and grain struc- 
ture. This can seriously affect the measured sediment shear 
modulus. Active shear wave seismology has also been pur- 
sued to determine in situ shear modulus (e.g., Stoll et al.5). 
Unfortunately, using shear waves is not as successful as 
compressional wave seismology in the ocean because shear 
waves are difficult to excite in marine sediments and the 

necessary geophones are difficult to couple to the seabed 
(Brocher and Ewing, 6 Stoll et al? ). The use of seismic inter- 
face (Scholte) waves to determine sediment properties has 
also received some attention 7-9 but this approach is limited 
by the fact that the necessary forward and inverse analyses 
are complicated and quite involved numerically. 

In contrast, the BSMP method suffers none of these 
problems. The instrument package is inobtrusive to the sedi- 
ments, and this method yields a true in situ measure of shear 
modulus at depth without disturbing the sediment frame. 
Surface gravity waves are powerful, naturally occurring, and 
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TABLE I. BSMP experimental locations, 1986-1989. 

Data set Date Latitude (N) Longitude (W) Depth (m) Instruments 

AGS 86 5-28 Aug 1986 39* 28' 
AGS 87 29-30 Aug 1987 39* 28' 
AGS88 7-10 July 1988 39* 28' 
AGS89 17-22 Aug 1989 39* 29' 
AMC6009 2-3 Sept 1987 38* 51' 
AMC6010-87 3 Sept 1987 39* 03' 
AMC6010-88 13-14 July 1988 39* 03' 
Geo Bank 15-18 July 1988 40* 56' 
Key Largo 2-7 April 1988 25* 02' 
Miami 21-23 Nov 1989 25* 38' 

74* 15' 12 3 
74* 15' 12 7 

74* 16' 12 9 

74* 14' 12 7 

73*56' 58 6 
73*07' 69 2 

73 ø 07' 68 5 

68* 18' 51 4 
80* 28' 4.5 3 

80* 07' 7.6 3 

cover a reasonably wide frequency band. The water wave 
signal is so dominant in its frequency band that there is only 
negligible noise contamination from ambient seismicity. The 
seabed motion is not so large, however, as to induce nonelas- 
tic shear strains in the sediment. The only limitations to the 
BSMP method are those of uncertainty and depth resolu- 
tion, which are imposed directly by the nature of ocean 
waves. 

There have been several major experimental tests of the 
BSMP instruments and methods (see Table I) collecting a 
total of more than 800 h of BSMP data. The basic theories 

and methods, and some early experimental data and verifica- 
tions, have already been published (Trevorrow et al., •ø-•2 
Yamamoto et al. •3). In the interest of completeness, a brief 
summary of the basic seabed mechanics, inverse methods, 
and experimental techniques is given here. These methods 
are illuminated using experimental data from the New Jer- 
sey Shelf (AGS site, 1987), and favorably compared with 
independent sediment profile results. At other sites, shear 
wave speed profile results are compared to borehole refer- 
ences and other sedimentary results tabulated in an Appen- 
dix. 

I. SEABED SEDIMENT MODELS 

Surface gravity waves begin to cause measurable seabed 
displacements when they reach water depths roughly equal 
to their wavelength. On the shallow continental shelf, this 
surface gravity wave-induced seabed motion is predominant 
in the frequency range 40-330 mHz, depending on the water 
depth. From experiments conducted over 5 yr, we have 
found the typical seabed displacement to have a peak ampli- 
tude of the order of 0.1 mm at a frequency of 0.1 Hz (see 
Trevorrow et al. •2). 

The usual assumption in water wave theories is that the 
seabed is rigid and immovable. When compared to typical 
water depth and wavelength scales of tens to thousands of 
meters, a 0.1-mm displacement is safely negligible. Thus we 
use the familiar linear water dispersion relation 

0.) 2 = gk tanh (kd). ( 1 ) 

In this case the wave number k is a unique function of angu- 
lar frequency co, gravity g, and water depth d. 

Figure 1 gives a schematic of the water and sediment 
response. The water wave is assumed to be a two-dimension- 
al, monochromatic plane-wave propagating in the positive x 

direction. The sediment response has the same wavelength 
as the water wave, with the seabed displacement and water 
surface displacement 180 ø out of phase. The sediment re- 
sponse exhibits the same prograde particle motion as the 
water waves. The driving force for the seabed displacement 
is the wave-induced bottom pressure, given by 

P = apwg/cosh (kd), (2) 
where a is the water wave amplitude at the water surface and 
pw is seawater density. Note that because of the cosh(kd) 
term, the wave-induced pressure falls off dramatically as 
"kd "becomes large (deeper water or higher frequency). For 
example, where the water depth equals the wavelength 
(kd = 2•r) the pressure amplitude is 0.37% of the surface 
value. 

As a first approximation, we shall assume the seabed 
sediments to be isotropic, lossless, and vertically stratifed 
(seabed properties vary only in the vertical direction). Due 
to the low rigidity of the sediment as compared to its skeletal 
bulk modulus and the bulk modulus of water, the sediment 

can be assumed incompressible. This amounts to assuming 
that the shear wave speed Cs (in the range 50-400 m/s) is 
very much less than the sediment compressional speed 
(1500-2000 m/s) and the water acoustic wave speed 
( • 1500 m/s). Thus the deformation is due only to shearing. 
Because the permeability of typical marine sediments is very 
small and the frame structure is relatively soft, the solid 
frame and pore fluid are completely coupled. Also, because 

G(z) 

Basement r• 
elastic or rigid 

FIG. 1. Definition sketch for surface gravity wave-induced seabed motion. 
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water waves have a very slow propagation speed ( • 10 m/s) 
as compared to that of shear waves through the sediments, 
inertial forces are negligible when compared with the elastic 
restoring forces. Furthermore, because of the small shear 
strains (typically 10 - 5 or less ) and small amplitudes of sedi- 
ment motion, nonlinearities and damping terms are quite 
small, and can be assumed zero if desired (Trevorrow et 
al. lø'12 ). As a basic nondimensional data quantity we define 
horizontal (e) and vertical (r/) seabed admittance as the 
normalized displacements of the water-sediment interface: 

e - u/a, (3) 

•7 = w/a. (4) 

There is an unwritten harmonic phase function of 
exp [ i ( kx - tot) ] on all disturbances. For a general, vertical- 
ly stratified, isotropic seabed, the response to surface gravity 
waves comes from the integration of a propagator matrix 
(details given in Refs. 3, 4, 10, and 11 ). These matrix differ- 
ential equations can be integrated numerically given any 
shear modulus with depth profile, a wave number, and ap- 
propriate boundary conditions. At the sediment basement, 
either a rigid or elastic half-space boundary condition is used 
(the latter more common). The boundary conditions at the 
water-sediment interface are that the shear stress vanishes 

and vertical normal stress balances bottom hydrodynamic 
pressure. 

The shear modulus is one of the most important descrip- 
tive parameters of a marine sediment. It is a particularly 
sensitive indicator of the skeletal structure, as all shearing 
motions are transmitted only through the skeletal frame- 
work. Typical values of G for marine sediments range from 
10 6 Pa for soft muds and clays to over 5 X 108 for highly 
consolidated sands. Another basic descriptor for a marine 
sediment is porosity/3, which is the volume of pore space per 
unit volume of sediment. The typical range for porosity in 
marine sediments is 0.25 (highly consolidated sand) to 0.70 
(muds and clays). A related parameter to porosity is the 
void ratio e, which is the ratio of the volume of pore space to 
the volume of solids, and is given by 

e=/•/(1 -/•). (5) 

Under usual circumstances, the densities of the pore fluid 
and the individual grains in a marine sediment are known. 
The density of seawater varies only slightly about a value of 
1025 kg/m 3. The sediment grains typically found on the 
shallow continental margins are of two types: (i) terrigenous 
sediments of aluminosilicate (silica, feldspar, basalt) com- 
position, with densities close to 2600 kg/m 3 and (ii) carbon- 
ates (CaCO3, shell fragments) with densities of approxi- 
mately 2700 kg/m 3 or higher. We shall take an average value 
of 2650 kg/m 3. 

With the densities of the two constituents known, and 
the relative proportions of each known through the porosity, 
we can define the bulk density by 

p =13p• + (1-•)ps, (6) 

where the subscripts (w,s) refer to water and solid, 
respectively. 

In the seabed the in situ shear modulus should increase 

with increasing confining effective stress, due to the weight of 

overlying sediments. We define vertical effective stress er z by 
the integral 

erz(z) -- g(p--p•)dz, (7) 

which after substituting for bulk density and rearranging 
yields 

er• (z) -- g(Ps -- Pw ) 1 -- fi(z)dz. (8) 

Now, vertical stresses are translated to horizontal stresses 
through the geometry of grain-to-grain contact. Thus, we 
define the total effective confining stress er as an average of 
the three components of effective stress, i.e., 

cr = • ( cr• + cr• + cr• ) . (9) 

Now in a horizontally stratified medium, cr• = or;, and they 
are both postulated to be some fraction of the vertical stress, 
i.e., cr• = or; = Kocr•. The factor Ko is known as the coeffi- 
cient of earth pressure at rest, and can be related to the sedi- 
ment skeletal Poisson's ratio n• by 

Ko=n•/(1--n•). (10) 

Now n• in typical sandy and silty marine sediments can be 
varied in the range 0.15-0.33 (Turgut and Yamamoto•). 
We take the upper limit of 0.33 as representative, following 
from the fact that variations in n• over this range cause negli- 
gible changes in the derived results. This yields Ko equal to 
1/2. Thus we can write the total effective confining stress as 

cr = •( 1 + 2Ko)cr z = Icrc. ( 11 ) 
A wealth of experimental data has been collected relat- 

ing elastic, small strain ( < 10- •) shear modulus to the de- 
positional state of sediments (e.g., Richart et al. • and Bryan 
and Stoll•). The data indicate that the shear modulus is 
proportional to void ratio and total effective confining stress 
by an empirical relation of the form (from Yamamoto et 
al. •3 ) 

G = Ae- metø'5, (12) 

where ,4 = 1.835X 105x/Pa and m= 1.12. Equation (12) 
gives nearly identical results to empirical relations found in 
Bryan and Stoll. •6 This empirical relation is based on both 
laboratory and in situ seismic data from unlithified sandy, 
silty, or mixed-clayey sediments (/• in the range 0.25-0.65). 
Chemical cementation effects are not considered, and thus 

deeper, older sediments that are slightly lithified will be 
harder (larger shear modulus) than given by this relation. In 
the case of cohesive clayey or muddy sediments, a more ap- 
propriate relation should be used. The reader is cautioned 
that laboratory values of shear modulus from clays and 
muds can be significantly different than in situ values due to 
plastic expansion of the core sample under release of the in 
situ confining stress (see Anderson and Woods17). Wherev- 
er possible, in situ data should be used. 

Taking stock of Eqs. (5)-(12), we see that the shear 
modulus can be related to nothing more than a complicated 
function of porosity. Thus, from a knowledge of either shear 
modulus or porosity, the other can be calculated. In practice, 
the above integral [Eq. (8) ] is replaced by a simple numeri- 
cal integration that begins at the seafloor. 
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From knowledge of both the shear modulus and sedi- 
ment porosity, the speeds of acoustic wave propagation in 
the sediment can now be estimated. The shear wave speed is 
straightforwardly given by 

Cs = x/ G /p. (13) 

To extract the compressional wave speed we can simplify 
general poroelastic Biot theories. For low frequencies, the 
compressional wave speed is given by (following Stoll, 18 
Turgut and Yamamoto 14) 

Cc = •H/p, (14) 
where His one of Biot's elastic moduli, related to measurable 
properties of the sediments by 

H= Ks + •G + (Kr -- Ks )2/(Dr -- Ks ), (15) 
where Kr is the bulk modulus of the grain material 
(3.0 X 10 •ø Pa for silicates) and Ks is the bulk modulus of the 
skeletal frame, which is related to shear modulus and Pois- 

son's ratio (both properties of skeletal frame only) via gen- 
eral elasticity theory, i.e., 

Ks =•[(1 +n)/(1--2n)]G, (16) 

and the parameter Dr is given by 

Dr = gr [ 1 + i•(gr/K f -- 1 ) ], (17) 
where 'K s is the bulk modulus of the fluid component 
(2.31 X 10 9 Pa). The reader should note that the skeletal 
Poisson's ratio differs markedly from the bulk Poisson's ra- 
tio n b usually determined seismically from the ratio of 
Cc/Cs = F using the classic formula 

n/, = (1 -'2 -- 2)/[2(1 -'2 -- 1) ]. (18) 

Ohsaki and Iwasaki 19 report values of n• for clayey sands 
and silts in the range 0.42-0.49. Hamilton TM reports an aver- 
age n• for continental shelf sediments of 0.47. In this study, 
the bulk Poisson's ratios lie close to 0.48. 

Obviously, the detailed results of porosity and shear and 
compressional wave speeds will depend on the chosen values 
of physical constants (e.g.,ps, Kr, ns, and Ko). Fortunate- 
ly, these simple models are moderately insensitive to reason- 
able variations in the physical constants. For example, using 
a skeletal Poisson's ratio ot'0.15 (with a resulting change in 
Ko) results in a negligible ( < 1% ) change in •, p, and Cs, 
and only a 2% to 5% decrease in Cc. In practice, some apriori 
knowledge of sediment composition will enable the reader to 
choose appropriate physical constants. The combined un- 
certainties incurred from choice of physical constants and 
Eq. (12) ( < 5 %) are quite small in comparison with the 
uncertainties in the Inversion algorithm ( = 40% ). 

II. INVERSE METHODS 

A. Shear modulus from admittance magnitude 
Knowing the shear properties of the sediments at every 

depth, and modeling the seabed as an incompressible, mass- 
less, layered, elastic bed, it is possible to predict accurately 
the seabed response to pressure forcing induced by water 
waves. This is a statement of the forward theory associated 
with the inversion process. It is possible to calculate in the 
reverse direction; to extract the shear modulus profile of the 

sediments from measurements of the wave-induced pressure 
and the seabed response (acceleration). The forward calcu- 
lation is straightforward and limited only by the accuracy of 
the physical model and the assumptions made in deriving it. 
This inverse calculation, by contrast, is mathematically non- 
exact due to the inevitable noise in the admittance data and 

the fact that the water waves have only a finite frequency 
bandwidth. 

Basically, the inverse calculation is trying to extract esti- 
mates of a continuous function (shear modulus versus 
depth, depth going to infinity) from a finite number of input 
data points (admittance) spread over a limited frequency 
range. The best that can be hoped for is that the finite num- 
ber of data points contain enough information to sufficiently 
constrain any discrete estimates of the continuous function 
over a limited range of depths. This nonexactness manifests 
itself as an inherent uncertainty and resolution limit in the 
final result. 

As is typical in geophysical problems, the relation be- 
tween the shear modulus profile (model) and seabed admit- 
tance (data) is complicated and nonlinear. Because of this a 
linearization, iteration scheme is used to extract the inverse. 
The general, discrete, nonlinear relation between a vector of 
data parameters, d (M observations ), and the vector of mod- 
el parameters, m (N unknowns), can be written conceptual- 
ly as 

d =f(m), (19) 

where f( ) is some nonlinear functional mapping model pa- 
rameters into data. To solve this inverse problem we must 
assume that the nonlinear function is sufficiently linear and 
well-behaved in a small region about the true solution, •. 
We then expand Eq. (19) in a Taylor series about some ini- 
tial value mo 

d =f(m) •f(mo) + o9f(m) (•_ mo) + "', (20) 
where the derivative matrix is evaluated at mo. We can re- 
placef(mo) with do, the calculated admittance data from the 
initial shear modulus profile mo. Rearranging yields 

• = mo + (ø9f(m)) -• ohn (d-do), (21) 
where the power "-g" denotes that we are specifying a 
generalized inverse of the derivative matrix, rather than a 
formal mathematical inverse. This formula is then used in an 

iterative fashion to cause mo to creep towards •. A good 
initial guess, too, is necessary for convergence. The derivative 
matrix is calculated approximately using a central difference 
scheme. The iterations proceed until the difference between 
the measured and calculated admittance data is small (typi- 
cally 1% rms). A detailed explanation of this inverse meth- 
od is given by Trevorrow et al. •ø and will be only summar- 
ized here. 

The generalized inverse of the derivative matrix 
[ o9f(m)/&n ] - g is calculated using a singular value decom- 
position (SVD), which performs a spectral decomposition 
of the derivative matrix into a set of coupled eigenvalue- 
eigenvector matrices. In this method, the eigensolutions cor- 
responding to larger eigenvalues are more stable, less oscilla- 
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tory, and less noise sensitive. Thus the expansion must be 
truncated, keeping the more stable, averaged solutions and 
discarding the higher-order, noisy corrections. This trunca- 
tion is necessary for stability and convergence, but it is also a 
controlling factor in limiting the depth resolution of the final 
result. 

sire to retain higher-order terms to increase resolution. This 
is an example of the classic trade-off between uncertainty 
and resolution, as discussed by Parker 22 and Menke. 2l The 
uncertainty bound is taken to be _ 2 standard deviations, 
which assuming Gaussian statistics corresponds to a 95% 
confidence interval. 

B. Data and model resolution 

Resolution is the ability of the method to distinguish 
between input data points (data resolution) or the ability to 
perceive small structures in the output model (model resolu- 
tion). Inverse problems are characterized by their inherent 
limits to resolution. In this case, imperfect resolution implies 
that the data points are not utilized independently and that 
the resulting shear modulus profiles are depth-averaged to 
some degree. It is necessary to quantify these resolution con- 
cepts in order to properly utilize the admittance spectral 
data and understand the limitations of the final result. 

To quantify concepts of resolution it is convenient to 
make use of model and data resolution matrices, which are 
presented in Menke TM and Trevorrow et al. •ø These matrices 
arise naturally from manipulation of the basic inversion Eq. 
(21 ). The matrix product of the generalized inverse of the 
derivative matrix with itself is not the identity matrix. It 
turns out, however, that the degree to which this matrix 
product approaches the identity matrix is a measure of reso- 
lution (i.e., diagonality of these resolution matrices is desir- 
able). 

Just as with the iterative inversion calculation, the cal- 
culation of these resolution matrices includes only the first 
few eigensolutions. This has a serious effect on the resolution 
properties of the inversion, as would be expected since some 
higher-order information is discarded by the truncation. It 
turns out that the resolution properties improve (resolution 
matrices become more diagonal) with keeping more terms in 
the eigensolution expansion. Thus there is a trade-off with 
wanting the truncation limit "L "to be as large as possible for 
resolution considerations and wanting "L" to be small for 
stability. From examination of these resolution matrices, it 
has been determined that the minimum depth resolution of 
the inverted shear modulus profile is no less than 20% of the 
shortest wavelength available in the admittance data set. 
Also, resolution degrades with depth in the sediment bed, 
roughly limiting the ultimate penetration to 1/2 the longest 
wavelength available in the admittance data. 

C. Uncertainty 

It is of vital importance to make an estimate of the un- 
certainty bound of the final shear modulus profile result. 
Uncertainty is derived from experimental uncertainties and 
noise contamination in the input data and the resolution 
characteristics of the inverse problem itself. We use a model 
covariance matrix (see Menke 2• and Trevorrow et al.•ø), 
simplified using the truncated SYD eigensolution expansion, 
to quantify the uncertainty. Higher-order eigensolutions 
(corresponding to smaller eigenvalues) carry with them an 
increasingly larger uncertainty. Obviously, restricting the 
expansion limit results in smaller uncertainty bounds in the 
final result. However, this must be balanced against the de- 

D. Uniqueness 

Uniqueness is a subtle problem that unavoidably ap- 
pears in many inverse problems. Basically, nonuniqueness 
occurs when the input data are of insufficient bandwidth or 
accuracy to constrain the model to within reasonable limits. 
Coen 23 showed mathematically that measurements of dis- 
placement spectra at the top of a layered half-space where 
suj•cient to uniquely constrain the shear modulus with 
depth profile at every depth. Coen did not discuss. the effects 
of limited data bandwidth, so his result is only a partial 
uniqueness proof in this context. It seems reasonable that 
with band-limited data a unique answer can only be extract- 
ed in a limited depth range. In the past, this shear modulus 
inversion method has been tested for uniqueness and conver- 
gence using both numerical and real data sets. Given any 
particular vertical admittance data set this method has been 
found to produce the same final shear modulus profile, to 
within the quoted experimental uncertainty, from any rea- 
sonable initial guess. Each of the experimental shear modu- 
lus profile results presented in this paper has also been tested 
for uniqueness by trying the inversion with several different 
shapes and magnitudes of initial profile. 

III. INSTRUMENTATION AND EXPERIMENTS 

The BSMP instrument packages, in both analog and 
digital radio-telemetry formats, are the products of five years 
of experience and improvements. The measurement system 
consists of two separate housings connected by a 2-m-long 
umbilical cable, with connection to a surface buoy or ship for 
real-time recording. The seismometer housing is a small alu- 
minum alloy cylinder (diam = 30.5 cm, height = 25.5 cm) 
designed to contain three orthogonally mounted seismo- 
meters (either Teledyne-Geotech model S-510 or S-750, or 
Guralp CMG-3), two pendulum tiltmeters (Sperry model 
02383-01), and a compass (Aanderaa model 1248). The 
seismometers measure acceleration along their principal 
axes only, and are labeled according to their direction of 
mounting: vertical (z), radial (x), and transverse (y). 

The other housing is a similar aluminum alloy cylinder 
that contains electronics, serves as a support for a differen- 
tial pressure sensor (either InterOcean WS200 or PME- 
109), and forms a junction between the 12-conductor um- 
bilical to the seismometer housing and a main 
electromechanical cable connecting to a surface buoy or 
ship. The pressure sensors are designed specifically to mea- 
sure ultra low-frequency dynamic water pressure at depths 
up to 200 m. The BSMP could be deployed in either of two 
configurations: plate mounted or buried. The buried config- 
uration provided superior instrument/sediment coupling 
(see Trevorrow et al. • • ). 

In the analog configuration, the three seismic and hy- 
drodynamic pressure signals are relayed directly to the at- 
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tending ship, where amplification, filtering and recording 
are done. The digital radiotelemetry BSMP configuration 
has the amplifiers, filters, digitizers, and FM Telemetry sys- 
tems located in the electronics housing. The digitizing rate 
for these units is set at 4 Hz. A coaxial cable carries + 50 

Vdc power to the instruments, and returns the FM digitally 
multiplexed signals (•5-kHz carrier) to a surface buoy, 
where they are then relayed via radio to the attending ship. 
The maximum transmission range of this system has been 
found to be approximately 5 km under actual ocean condi- 
tions. 

Each BSMP unit produces four analog signals (V, R, T, 
and P), which are amplified, filtered, and then recorded on 
14-channel, 0.5-in. magnetic tape. To be able to later syn- 
chronize the digital signals with their analog counterparts, it 
was necessary to convert the digital signals back to analog 
form and record them using the same FM data recorders. To 
enable precise synchronization, a time-code generator signal 
was recorded simultaneously on each tape. Each BSMP 
channel has its own amplifier and filter circuit. Two series 
second-order low-pass antialiasing filters are used, each of 
which has a - 3-dB point at 0.5 Hz. Each filter circuit also 
has two series high-pass first-order filters, with -3-dB 
points at 3.86 mHz. 

Shallow burial of the seismometer housing is achieved 
by use of a hydraulic jet burial system. Figure 2 shows a 
diagram of the burial apparatus. Basically, the burial system 
consists of a 3-pronged burial bracket that holds the seismo- 
meter housing. The pressure sensor and electronics housing 
is mounted outside the burial dome, and remains on the 
seabed during the data collection. An electro-magnetic re- 
lease mechanism, controlled from the ship, uncouples the 
two housings from the burial dome when the unit reaches the 
seabed. Seawater is pumped at high pressure through the 
prongs of the burial bracket, causing water jets at the tips of 
the prongs to liquify the sediments and excavate the sedi- 
ments from underneath the seismometer housing. The burial 
bracket and seismometer housing sink under their own 
weight into the sediments. After burial, the dome and 

FIG. 2. BSMP burial apparatus. 

bracket are hauled back to the ship so as not to interfere with 
the seabed motions and pressures. The BSMP units were 
allowed to settle into the sediments for at least a couple of 
hours before the start of data recording. Using the two pen- 
dulum tiltmeters mounted inside each seismometer housing, 
it was possible to immediately determine if the housing was 
buried level. If the tilt angle was more than 10 ø, the BSMP 
unit was hauled back up to the ship and redeployed. 

IV. SPECTRAL RESULTS 

The analysis of BSMP data follows standard spectral 
and transfer function estimation techniques. The desired in- 
put data for the shear modulus inversion method are a small 
number ( typically 20) of vertical seabed admittance spectral 
components, along with their associated uncertainties. If one 
regards the water wave-induced seabottom pressure as an 
input to a linear system, and the seabed acceleration as the 
output, then admittance is nothing more than a transfer 
function. This necessarily requires that spectral averaging 
techniques be used. However, such spectral averaging must 
be conducted with an eye toward violations ofstationarity in 
the data sets (i.e., systemic changes in sea state, wind direc- 
tion, tides, etc.). The typical stationary time period has been 
found to be in the range 2-8 h. 

The desired frequency band for this analysis is in the 
range 0.002-1.0 Hz, which is best suited by digitizing the 
raw voltage time-series at 4 Hz and using a base FFT size of 
4096 points ( 17 minutes). This yields a Fourier spectral bin- 
width of 0.977 mHz. Also, a 50% overlap averaging method 
is used in the spectral analysis. Each time-segment is de- 
meaned and multiplied by a 10% cosine taper window before 
being transformed into spectral components. The power and 
cross spectral components are corrected for the frequency 
response ( magnitude and phase) of the various instruments, 
filters, and amplifiers. Then, we can define vertical admit- 
tance, r/(f) (complex), analogously to a transfer function 
from linear systems theory (from Bendat and Piersol 24) 

= ], (22) 
where So• is the time-averaged cross-spectrum between ver- 
tical acceleration and pressure, S• is the time-averaged pres- 
sure power spectrum, and C(f) is the admittance correction 
factor, given by 

C(f) = -- p,,,g/4rr2f 2 cosh (kd). (23) 
Also, it has been found convenient to use vertical seabed 
impedance, I(f) (Pa/m), which is the ratio of sea-bottom 
pressure to seabed displacement. Using our previous defini- 
tion of admittance this becomes 

Io = -- 4rr2f2(S•,/So•, ) = p•,g/cosh(kd)rl(f). (24) 
It is also desirable to calculate the coherence parameters 

for the vertical admittance spectra. Coherence is a normal- 
ized magnitude of the cross spectrum, and approaches a val- 
ue of 1.0 when there is a direct cause and effect relation 

between the two signals. Coherence is defined as 

In this case (1 - • )So (.jr) is a measure of the noise power 
contaminating the vertical acceleration output. The relative 
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FIG. 3. Vertical acceleration and pres- 
sure power spectra from AGS site, 
BSMP 302 (29 Aug 1987). 

error (absolute error/magnitude of spectral component) in 
the vertical admittance is given by (from Bendat and Pier- 
SO124) ß 

A'l(./') = x/1 -- • / y• 2,• , (26) 

where Nequals the number of segments included in the spec- 
tral averaging. 

At this point it is fruitful to examine some real data sets 
to demonstrate the results of these calculations. The example 
shown here is typical of the data sets collected with the 
BSMP instruments. Figure 3 shows the time-averaged verti- 
cal acceleration and pressure power spectra from experi- 
ments at the AGS site, BSMP 302 (29 Aug 1987). Approxi- 
mately 6.5 h of data went into the calculation of these 
spectra. Notice the large, broad-band energy peak in the fre- 
quency range 50-275 mHz that is present in both spectra. 
This is due to water wave energy, mostly low-frequency 
swell. The rapid cutoffof wave energy at 170-350 mHz is due 
to the fact that water wave induced pressures are only signifi- 

cant within one wavelength of the surface, and the shorter 
waves do not reach the bottom (•' = d at 361 mHz). In the 
vertical seismic spectrum, the increase in spectral levels at 
frequencies below 40 mHz is due to internal instrumental 
noise being boosted by the frequency response corrections. A 
more detailed discussion and summary of shallow water 
seabed seismicity from BSMP experiments is given in Tre- 
vorrow et al. 12 

Figure 4 shows the vertical seabed admittance magni- 
tude and coherence spectra calculated from the data shown 
in the previous figures. The coherence parameters are plot- 
ted to identify the frequency range of good quality admit- 
tance data. Notice the range of very high coherence (•0.99) 
in the frequency range 60-270 mHz. This very high coher- 
ence implies that there is negligible noise contamination 
from ambient seismicity (microseisms) in this frequency 
band. This is the band of good admittance data useful in the 
inversion process. The wider is this bandwidth of coherent 
data, the better will be the shear modulus inversion result. 
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FIG. 4. Vertical admittance and coherence 

spectra from AGS87-302 (data shown in Fig. 
3). 

V. SHEAR MODULUS PROFILER RESULTS AND 

COMPARISONS 

From the 4 yr of experiments there are over 50 distinct 
data sets of sufiScient quality for inversion. This section will 
present a short selection of some of the best quality and most 
interesting cases. The locations for BSMP experiments (see 
Table I) were chosen to be in close proximity to previously 
conducted, independent sediment coring operations or other 
geophysical surveys. The sedimentary reference data come 
in two main forms: standard penetration test (SPT) bore- 
holes taken at the AGS site and downhole bulk density logs 
taken by the AMCOR and COST drilling operations. Both 
can be used to calculate reference shear modulus profiles for 
comparison with our inverted results. 

Also at the AGS and AMCOR 6009 sites, independent 
shear wave refraction experiments were performed by J. Ew- 
ing and G. Purdy from Wood's Hole Oceanographic Inst. 
and G. Sutton and J. Carter of Rondout Association. The 

combination of travel-time and amplitude inversions pro- 
duced shear wave speed profiles that are a further compari- 
son for the BSMP results (J. Ewing, personal communica- 
tion). Details on these shear wave refraction experiments 
and some results are given in Stoll et al. 5 

Table II summarizes the experimental inversion results 
presented here, along with some descriptive parameters for 
the admittance data and the inversion result. The minimum 

frequency gives a measure of the deepest penetration of the 
inversion (roughly one-half the corresponding wavelength). 

The maximum frequency sets a limit to the minimum depth 
resolution and is strongly dependent on the water depth. The 
deeper sites (AMCOR 6009 and 6010) had the smallest fre- 
quency maxima. The widest frequency band (279 mHz) 
comes from the Miami Guralp data, due to the shallow water 
and improved seismometers. The smallest frequency band 
( 81 mHz) is at the AMC6010 site, which is also the deepest 
water. The admittance rms relative error is a strong indica- 
tor of the quality of the data and the number of eigensolu- 
tions that may be retained. The eigensolution truncation lim- 
it L is a controlling parameter in both the resolution and 
uncertainty of the shear modulus result. All selected data 
sets could reach a truncation limit of 5, mainly because of the 
low admittance uncertainty levels. The mismatch error is the 
rms relative error between the measured and calculated ad- 

mittance spectral components. The G(z) error is the profile- 
averaged relative uncertainty in the shear modulus inversion 
result, which may be taken as the relative error in all derived 
profile results (e.g., porosity and acoustic speeds). 

A. AGS site 87-302 

Continuing with the example data set presented in Sec. 
IV, the inversion results from AGS-87 302 will now be dis- 
cussed. The Atlantic Generating Station site is the survey 
area for a proposed offshore Nuclear Power facility, and is 
probably one of the most thoroughly investigated areas on 
the Atlantic Shelf. Stahl et al. 25 give a geologic description of 
the area. They describe three major stratigraphic units: (i) a 

TABLE II. Summary of BSMP inversion results. 

Depth frei.fma• 
Data set (m) (mHz) (mHz) 

Data rms Mismatch G(z) 

error (%) L error (%) error (%) 

AGS-87-302 12 43.0 

AMC6009 303 58 48.0 

AMC6010-87 303 70 49.0 

Geo Bank Far 51 50.0 

Miami Guralp 7.6 91.0 

286.0 2.86 5 1.01 35.6 
146.0 3.85 5 1.54 45.2 
130.0 2.43 5 0.73 30.4 
156.0 3.98 5 1.17 28.3 
370.0 2.84 5 2.48 42.3 
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surficial layer 2-12 m thick composed of Holocene silty 
and/or clayey sands, especially in the eastern sections, (ii) in 
the west of the site as much as 12 m of dense sand interbed- 

ded with sandy clays of late Pleistocene origin, and (iii) an 
underlying unit composed of Tertiary (Miocene) gravelly 
sands and stiff clays. The Quaternary-Tertiary (Q-T) 
boundary at • 12 m depth is a strong acoustic reflector 
(Stahl et al., 25 J. Ewing, personal communication). 

The SPT is defined as the number of blows from a 140-lb 

hammer dropped through a height of 30 in. that are required 
to drive a 2-in.-diam sampling pipe into the sediments a dis- 
tance of 1 ft. The SPT borehole data are contained in Miller 

and Dill. 26 An empirical relation (Ohsaki and Iwasaki ]9) 
gives the relation between the elastic shear modulus G and 
the "blow count" N as 

G = 11.9N ø'8 (MPa). (27) 

This relation is valid for sandy and silty sediments, but can 
be suspect in softer sediments where only one or two blows 
are required to advance the probe 1 ft. The blow-count result 

is useful as an indicator of the relative shear modulus be- 

tween layers. 
Figure 5 shows the inversion from selected vertical ad- 

mittance spectral data shown in Figure 4. This result is a 
composite of two separate inversions, one penetrating to 50 
m with closer spacing near the seabed surface, and the other 
penetrating to 100 m. The shallow inversion used admit- 
tance data in the frequency band 65-286 mHz, while the 
deeper inversion used a band from 43-219 mHz. The shear 
modulus uncertainty bound has a depth-averaged relative 
value of 35.6%, mostly due to larger relative uncertainties in 
the near surface values. The first 5 eigenvalues were included 
in both inversions, giving moderately good resolution char- 
acteristics. The reference profile is calculated from SPT 
Borehole 828 blow count result. This borehole was taken 

from the exact same location as this BSMP experiment, and 
thus is a good comparison. 

Both the inversion and reference profiles clearly show 
the distinct Q-T boundary at 12-15 m and a softer silty-clay 
layer at 30 m. Notice that there is reasonable agreement be- 

Shear Modulus 

5 0 8 
-----• 

wl 

Borehole 828 

(Pa) 
6789 09 

m o Heosured 
ß --Colculofed 
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ß 

FIG. 5. Comparison of inverted shear 
modulus profile from AGS87-302 
with reference borehole 828. Inset 

shows experimental versus model 
seabed impedance match ( 1.01% rms 
mismatch). 
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FIG. 6. Comparison of inverted shear wave 
speed profile from AGS87-302 (converted 
from shear modulus) with shear wave re- 
fraction result (from J. Ewing), and bore- 
hole 828 (converted from blow count). 

tween the inversion and the reference profile at all depths, 
although most of the variations in shear modulus shown in 
the ret%rence occur on too fine a vertical scale to be resolved 

by the inversion. The reference profile shows a harder layer 
at 5- to 8-m depth, which is only slightly indicated by the 
inversion. 

An inset to Fig. 5 shows the 20 admittance data points, 
converted to vertical impedance, selected for use in the deep 
inversion. The uncertainty bounds on the admittance (im- 
pedance) data are of the order of 3 %, and thus are not use- 
fully shown. The calculated impedance curve fits smoothly 
through the data points, with arms relative mismatch error 
of only 1.01%. The longest wavelength available in this data 
set is 254 m (at 43 mHz), so a maximum profile depth of 100 
m ( • •/•max ) is appropriate. The shortest wavelength is 19.1 
m (at 286 mHz), which restricts the minimum resolution 
depth. 

Figure 6 shows the shear wave profile from the inversion 
result compared to a shear wave refraction result from a 
nearby experiment, and the Borehole 828 reference convert- 
ed from shear modulus. The shear wave refraction profile 
inversion method was restricted to strictly increasing shear 
wave speeds with depth to avoid triplications. All three ex- 
perimental profiles show the Q-T boundary at 12 m. Note, 
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however, that neither the BSMP inversion nor the shear 
wave refraction result shows the hard layer at 5-8 m indicat- 
ed by the borehole reference (i.e., the blow-count result is 
somewhat suspect at that depth). 

Figure 7 shows the porosity and compressional wave 
speed profiles calculated from the inversion result using the 
methods outlined in Sec. II. Both profiles clearly show the 
Q-T boundary at • 12 m and the sandy clay layer at 30-35 
m. The strong gradient in compressional speed at 10-15 m is 
the strong acoustic reflector picked up in the seismic reflec- 
tion survey. The porosity value of •0.4 in the top 10 m is 
characteristic of silty sands, while the harder sands below 12 
m have porosities of 0.25-0.3. 

B. Outer New Jersey Shelf: AMCOR 6009, 6010 

Two other deeper water, offshore sites on the New Jer- 
sey shelf were investigated with BSMP instruments. The At- 
lantic Margin Coring (AMCOR) project holes 6009 and 
6010 lie in deeper waters (58 and 70 m, respectively) ap- 
proximately 100 km east of the AGS site. The surficial sedi- 
ments are similar to the AGS site. Both boreholes consist of 

sands and silty clays ranging in age from Miocene to Pleisto- 
cene (Richards, 27 Hathaway et al. 28). Shear modulus inver- 
sion comparisons with converted borehole density logs at 
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FIG. 7. Porosity and compressional 
speed profiles calculated from AGS87- 
302 shear modulus inversion. 

both AMCOR 6009 and 6010 sites have been previously pre- 
sented in Yamamoto et al. •3 

These deeper water data sets are different from the AGS 
site in two ways: the wavelengths at a given frequency are 
longer thus enabling deeper penetration (200 m), and the 
water depth cut-off limits the maximum coherent admit- 
tance data to less than 0.150 Hz. This latter problem severely 
limits the depth resolution of the inversion, which is no less 
than • 20 m in both cases. Also, note from Table II that the 
minimum frequency of admittance data remains approxi- 
mately 50 mHz for both cases. Thus, the admittance band- 
widths are much narrower than at the AGS site. Figure 8 
shows the shear wave speed profile (converted from shear 
modulus inversion) for the AMCOR-6009 site, compared to 
a shear wave refraction experimental profile and a reference 
profile calculated from the AMCOR borehole bulk density 
log. Owing to resolution limits,the inversion can match only 
the larger scalefeatures of the borehole reference, such as the 

soft layer at 30-40 m, but tends to average away small scale 
structures. The agreement between the inversion and refrac- 
tion results in the topmost 15 m is excellent. Figure 9 shows a 
similar shear wave speed profile comparison for the 
AMCOR-6010 site. Again there is good agreement with the 
borehole reference in a depth-averaged sense. In particular, 
observe the ability of the inversion to match the faster (hard- 
er) layers at 30-40 m and 90-120 m. The shear modulus 
inversion and derived sediment parameters from these 
AMCOR sites are shown in Tables AI and AII (see Appen- 
dix). 

(I. George's Bank 

Perhaps the physically most diflScult BSMP deploy- 
ment was at the George's Bank site, where strong winds, 
seas, and tidal currents permitted only two digital BSMP 
units to be properly deployed. The George's Bank site has 
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similar stratigraphic features to the New Jersey shelf. Rich- 
ards 27 describes the deeper George's Bank sediments as 
Pleistocene silty and clayey sands. A complete geological 
discussion of the COST G-1 well on George's Bank (same 
location as BSMP experiment) is given by Scholle and Wen- 
kam. 29 The water depth at this site was 51 m, yielding a 
maximum admittance frequency of 0.156 Hz and a corre- 
sponding minimum wavelength of 63.9 m. Thus the mini- 
mum resolution depth will again be approximately 20 m. A 
penetration depth of 200 m and an eigensolution limit of 5 
are used, the same as for the AMCOR sites. A comparison 
between inverted shear wave speed and converted AMCOR 
borehole 6014 profiles at this George's Bank site is shown in 
Fig. 10. Due to the large distance (52 km to the SE) to the 
AMCOR-6014 borehole, the reference should be considered 
as only a rough indication of the true stratigraphy. Still, 
there is a rough depth-averaged agreement with the. borehole 
reference. Table AIII (see Appendix) gives the shear modu- 
lus inversion result from George's Bank. Notice that the 
shear modulus increases rapidly in the near surface, reaching 
220 MPa at only 10 m. This is indicative of hard, compacted 
sand with porosities approximately 0.25-0.3. 

u. unaiiow water carbonates: Key Largo and Miami 
sites 

Two smaller BSMP experiments were conducted in very 
shallow water south Florida sites near Key Largo and Key 
Biscayne (Miami). The water depths were 4.5 and 7.6 m, 
respectively. The sediments were distinctly different than 
found at the New Jersey shelf sites, being predominantly soft 
carbonate muds and sands in the near surface, with much 
harder semilithified basements at depths of only 6 to 8 m. 
There is little quantitative geotechnical information avail- 
able, although some descriptive sedimentological studies 
have been performed in this area (Enos and Perkins3ø). 
Quantitative shallow water carbonate sedimentary param- 
eters are available from both laboratory and in situ tests per- 
formed on sediments from the Andros Platform, Bahamas 
by Badiey et al. 3• Enos and Perkins describe the Key Largo 
site as 4.5-8 m of Holocene carbonate muds and coralline 

debris overlying semilithified, fossiliferous Pleistocene 
limestones. They also give measured porosities for the surfi- 
cial carbonate muds as 50%-65%. Badiey et al. give mea- 
sured porosities for carbonate sands as 40%-55%. Due to 
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the shallow waters, the admittance frequency maxima are 
much larger ( > 350 mHz) than in previous examples, re- 
suiting in much improved resolution in the near surface lay- 
ers (minimum resolution depth • 2 m). Due to the presence 
of hard basement layers the depth penetration is limited. 
Also, both sites are somewhat sheltered from the open At- 
lantic ocean swell, so the low-frequency pressure spectrum is 
greatly reduced. The Miami result only is given, as the Key 
Largo result is similar. 

The Miami experiment is interesting because it was the 
first successful deployment of the new Guralp CMG-3 ULF 
seismometers. The shear modulus inversion result for this 

Miami site is given in Table AIV (see Appendix). The top 6 
m of sediments approximates a porosity = 0.5 soft carbonate 
sediment, with a hard, semilithified basement of Pleistocene 
sediments below 6 m. Due to the close proximity of modern 
coral reefs, it is also thought possible that this hard basement 
is a fossilized coral reef. Below 14 m the inversion predicts a 
sorer sediment layer of porosity • 35%, indicative of sandy 
sediments. 

Vl. DISCUSSION AND CONCLUSIONS 

The following characteristics and conclusions can be 
drawn from the experiments and methods described here. 

(i) The method of seabed shear modulus inversion us- 
ing surface gravity wave-induced seabed motion can deter- 
mine the magnitude and depth-averaged structure of sedi- 
ment shear modulus with reasonable accuracy. This follows 
from direct comparisons of the BSMP results with sedimen- 
tary reference data taken from corings and shear wave re- 
fraction experiments. Uncertainty bounds on the shear mod- 
ulus results of d- 30%-45% are due to mapping of small 
experimental uncertainties through the inverse calculation. 

(ii) Using semiempirical marine sediment models, pro- 
files of porosity, bulk density, shear-wave speed, and 
compressional wave speed can be extracted from the shear 
modulus profile. Just as there is agreement between the shear 
modulus inversion and sedimentary references, there is also 
agreement with references among these secondary 
parameters. 

(iii) The depth resolution limit in the final shear modu- 
lus profile is no less than 20% of the shortest wavelength 
available in the input data, and occurs in the near-surface 
layers. Resolution decreases with sediment depth. Due to 
resolution degradation, the maximum penetration of this 
BSMP method is approximately 1/2 the longest wavelength 
available in the input admittance data. Under typical conti- 
nental shelf conditions (AGS site), these limits correspond 
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to a minimum resolution of 3 m and a maximum penetration 
of 100 m. 

(iv) In deeper water ( > 50 m), the higher frequency 
waves ( 140-330 mHz) necessary to resolve finer details in 
the shear modulus structure near the seabed surface were 
absent from the coherent admittance data sets. This limita- 

tion is imposed by the nature of surface gravity waves, not by 
a design fault. This cutoff occurs when the water wavelength 
is approximately 1.3 times the water depth. 

(v) The low-frequency limit to coherent admittance 
data seems to be set by a decrease in surface gravity wave 
energy below approximately 50 mHz, which causes a corre- 
sponding reduction in seabed motion. Typical seismometer 
designs were limited to frequencies above 30 mHz due to 
rising internal noise levels at ultra low frequencies. 

, (vi) With the present BSMP instruments under typical 
continental shelf conditions, this method is limited to water 
depths of 300 m or less. This is due to the combination of 
wave-induced pressure attenuation with depth and a lack of 
significant water wave energy below 30 mHz. In sheltered 
waters without open ocean swell ( 50-125 mHz) energy, the 

BSMP method is limited to water depths of 40 m or less. 
With much improved instruments (notably seismometers) 
numerical simulations show that deep ocean (> 2000 m) 
applications are possible, although with degraded vertical 
resolution. 
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APPENDIX 

This Appendix contains tabulated sedimentary profile 
information (Tables AI-AIV) from four other sites de- 
scribed in Sec. VI. See Table I for experimental locations. 
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TABLE AI. Sediment properties calculated from shear modulus inversion 
of AMCOR 6009, BSMP 303. 

Shear Shear Comp. 
Depth modulus Density speed speed 
(m) (MPa) (kg/m 3 ) Porosity (m/s) (km/s) 

5.0 116.0 2230.0 0.256 228.0 1.86 
10.0 261.0 2340.0 0.193 334.0 2.04 
20.0 159.0 2120.0 0.326 273.0 1.76 
30.0 141.0 2030.0 0.383 263.0 1.69 
40.0 180.0 2060.0 0.363 296.0 1.73 
50.0 243.0 2110.0 0.331 339.0 1.79 
70.0 323.0 2150.0 0.310 388.0 1.85 
90.0 316.0 2110.0 0.335 388.0 1.82 

110.0 344.0 2100.0 0.338 405.0 1.82 
130.0 356.0 2080.0 0.348 413.0 1.82 
150.0 361.0 2070.0 0.358 418.0 1.81 
175.0 338.0 2030.0 0.383 408.0 1.78 
200.0 464.0 2100.0 0.339 470.0 1.87 

TABLE AIV. Sediment properties calculated from shear modulus inver- 
sion of Miami site, Guralp seismometers. 

Shear Shear Comp. 
Depth modulus Density speed speed 
(m) (MPa) (kg/m 3) Porosity (m/s) (km/s) 

1.5 15.5 1820.0 0.512 92.4 1.53 
3.0 18.6 1770.0 0.541 103.0 1.52 
4.5 28.2 1830.0 0.502 124.0 1.54 
6.0 121.0 2220.0 0.267 233.0 1.84 
8.0 318.0 2400.0 • 0.157 a 364.0 a 2.16 a 

10.0 333.0 2380.0 a 0.165 a 374.0 a 2.14 a 
12.0 287.0 2330.0 • 0.195 a 350.0 • 2.04 a 
15.0 154.0 2150.0 0.305 268.0 1.79 
20.0 123.0 2050.0 0.370 245.0 1.70 
25.0 163.0 2100.0 0.340 279.0 1.75 

30.0 207.0 2140.0 0.315 311.0 1.80 
35.0 226.0 2140.0 0.313 324.0 1.81 
42.0 283.0 2180.0 0.290 360.0 1.86 

a Sediment is semilithified in these layers, and thus calculation of density, 
porosity, and acoustic speeds from Eqs. ( 5)-(17) is inaccurate. Acoustic 
speeds shown are lower limits to true speeds. 

TABLE AII. Sediment properties calculated from shear modulus inversion 
of AMCOR 6010-87, BSMP 303. 

Shear Shear Comp. 
Depth modulus Density speed speed 
(m) (MPa) (kg/m 3) Porosity (m/s) (km/s) 

5.0 35.4 1860.0 0.483 138.0 1.56 
10.0 64.6 1960.0 0.428 182.0 1.61 
20.0 142.0 2090.0 0.343 260.0 1.74 
30.0 230.0 2170.0 0.295 326.0 1.83 
40.0 201.0 2090.0 0.342 310.0 1.76 
50.0 182.0 2030.0 0.380 299.0 1.71 
70.0 224.0 2050.0 0.371 331.0 1.74 
90.0 415.0 2180.0 0.287 436.0 1.91 

110.0 570.0 2240.0 0.253 504.0 2.01 
130.0 554.0 2210.0 0.270 501.0 1.98 
150.0 514.0 2170.0 0.294 487.0 1.94 
175.0 425.0 2100.0 0.339 450.0 1.85 
200.0 433.0 2090.0 0.348 455.0 1.85 

TABLE AIII. Sediment properties calculated from shear modulus inver- 
sion of George's Bank site, Far digital BSMP. 

Shear Shear Comp. 
Depth modulus Density speed speed 
(m) (MPa) (kg/m 3) Porosity (m/s) (km/s) 

5.0 112.0 2210.0 0.268 225.0 1.83 
10.0 224.0 2300.0 0.216 312.0 1.97 
20.0 232.0 2220.0 0.262 323.0 1.89 
30.0 257.0 2200.0 0.278 342.0 1.87 
40.0 297.0 2200.0 0.278 368.0 1.88 
50.0 363.0 2220.0 0.264 404.0 1.93 
70.0 368.0 2180.0 0.288 411.0 1.89 
90.0 381.0 2160.0 0.303 420.0 1.88 

110.0 433.0 2170.0 0.298 447.0 1.90 
130.0 459.0 2160.0 0.303 461.0 1.91 
150.0 467.0 2140.0 0.312 467.0 1.90 
175.0 440.0 2110.0 0.335 457.0 1.86 
200.0 539.0 2140.0 0.312 501.0 1.93 
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