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SUMMARY

Knowledge of the reflectivity of the sediment-covered seabed is of significant importance to
marine seismic data acquisition and interpretation as it governs the generation of reverberations
in the water layer. In this context pertinent, but largely unresolved, questions concern the
importance of the typically very prominent vertical seismic velocity gradients as well as the
potential presence and magnitude of anisotropy in soft surficial seabed sediments. To address
these issues, we explore the seismic properties of granulometric end-member-type clastic
sedimentary seabed models consisting of sand, silt, and clay as well as scale-invariant stochastic
layer sequences of these components characterized by realistic vertical gradients of the P- and
S-wave velocities. Using effective media theory, we then assess the nature and magnitude
of seismic anisotropy associated with these models. Our results indicate that anisotropy is
rather benign for P-waves, and that the S-wave velocities in the axial directions differ only
slightly. Because of the very high P- to S-wave velocity ratios in the vicinity of the seabed our
models nevertheless suggest that S-wave triplications may occur at very small incidence angles.
To numerically evaluate the P-wave reflection coefficient of our seabed models, we apply a
frequency-slowness technique to the corresponding synthetic seismic wavefields. Comparison
with analytical plane-wave reflection coefficients calculated for corresponding isotropic elastic
half-space models shows that the differences tend to be most pronounced in the vicinity of
the elastic equivalent of the critical angle as well as in the post-critical range. We also find
that the presence of intrinsic anisotropy in the clay component of our layered models tends to
dramatically reduce the overall magnitude of the P-wave reflection coefficient as well as its
variation with incidence angle.

Key words: Numerical solutions; Fractals and multifractals; Seismic anisotropy; Seismic
attenuation; Wave propagation; Acoustic properties.
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cial sedimentary cover of the seabed must be expected to be seis-

1 INTRODUCTION mically anisotropic (Banik 1984; Hornby et al. 1994; Vernik &

The P-wave reflection coefficient of the seafloor is an important
parameter for the acquisition, processing and interpretation of ma-
rine seismic data in general and of multicomponent ocean bottom
seismic recordings in particular (e.g. Schneider & Backus 1964;
Amundsen & Reitan 1995; Sheriff & Geldart 1995; Caldwell 1999;
Stewart et al. 2002, 2003; Wang et al. 2002; Schalkwijk et al. 2003;
Muijs et al. 2004; Edme et al. 2005; Muijs et al. 2007; Edme &
Singh 2008, 2009). To date, essentially all corresponding seafloor
models have been based on the assumption of a homogeneous,
elastic and isotropic half-space overlain by a homogeneous acous-
tic water layer. Although the assumptions for the water layer are
likely to be a reasonably adequate approximation of the physical
reality, this is not the case for the surficial seabed, which in gen-
eral is covered by soft, unconsolidated sediments characterized by
strong seismic velocity—depth gradients as well as pronounced at-
tenuation (Hamilton 1972; Carlson et al. 1984; Berge et al. 1991).
Moreover, at least in certain geological environments, the surfi-
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Liu 1997).

The effects of attenuation in the surficial seabed have recently
been investigated by Carcione & Helle (2004) and Eggenberger
et al. (2005). The results of these studies indicate that the pres-
ence of attenuation significantly affects the amplitude-versus-offset
(AVO) behaviour of seismic reflections from the seabed with re-
gard to a corresponding elastic equivalent and thus may lead to
erroneous estimates of the seismic material parameters in gen-
eral and of the S-wave velocity in particular. Conversely, the cor-
responding effects of strong vertical velocity gradients as well
as the nature, magnitude and implications of seismic anisotropy
in the sediment-covered seabed on its reflection coefficient are
largely unexplored. The primary reasons for this are (1) that the
strong vertical velocity gradients are not amenable to analytical
solutions and are very hard to adequately parameterize and ac-
commodate for corresponding numerical approaches and (2) that
the presence of anisotropy in soft surficial seabed sediments is
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very difficult to observe and quantify both in the field and in the
laboratory.

The purpose of this paper therefore is to alleviate these problems
and to numerically evaluate seismic reflection coefficients for the
sediment-covered seabed for a range of pertinent and realistic mod-
els. In particular, we seek to constrain the magnitude and nature of
the anisotropy that could potentially be present in surficial uncon-
solidated seabed sediments and to explore its effects in conjunction
with realistic velocity—depth gradients. In doing so, we focus on
clastic sediments prevailing throughout the oceanic shelf and con-
tinental slope regions, which are important to seismic exploration.
Although there is a significant body of literature on seismic veloc-
ity and attenuation measurements in the shallow seabed (Hamilton
1972, 1976, 1979, 1980; Bryan & Stoll 1988; Stoll 1989; Bowles
1997; Buckingham 2005; Jackson & Richardson 2007), observa-
tions regarding the presence and importance of seismic anisotropy
in surficial marine sediments are few and far between (Bachman
1979, 1983; Carlson et al. 1984; Berge et al. 1991; Odom et al.
1996). Although little is known regarding the nature and origin of
seismic anisotropy in unconsolidated seabed sediments, the most
likely causes are intrinsic anisotropy due to the mineralogical con-
stituents (Vega-Ruiz 2003) as well as fine-scale layering (Postma
1955; Carlson et al. 1984).

The paper proceeds as follows: To obtain order-of-magnitude-
type estimates of anisotropy and its variability, we develop a con-
ceptual seismic model of the sediment-covered seafloor based on
end-member-type clastic sedimentary deposits as well as on re-
alistic scale-invariant stochastic layer sequences of these compo-
nents in conjunction with pertinent velocity—depth gradients. We
then explore the implications for seismic wave propagation through
effective media theory and numerical evaluations of the reflec-
tion coefficients of these seabed models and compare the results
with those obtained for the corresponding homogeneous, isotropic
equivalents.

2 VELOCITY MODELS

2.1 Large-scale bulk properties

Our first objective is to use the available literature to define rep-
resentative 1-D models of the seismic velocity distribution for a
surficial seabed covered with unconsolidated clastic sediments. In
doing so, we follow the common practice in ocean acoustics to
describe clastic seabed sediments based on their granulometric
characteristics (e.g. Bowles 1997; Jackson & Richardson 2007).
The end-member sediments resulting from this approach are sand,
silt and clay (Shepard 1954), which are indeed the dominant in-
dividual components in typical clastic marine sediments. Bowles
(1997) presents a comprehensive review of the literature available
on the seismic parameters of surficial seabed sediments. The seis-
mic velocity—depth distribution of sandy seabeds seems to be most

adequately characterized through the relationships put forward by
Hamilton (1979) and Hamilton (1987) (Table 1). These equations
have also been used by Buckingham (2005) for comparison with
his theoretical geo-acoustical model, which is based on an uncon-
solidated granular medium with the grains in mutual contact but
not welded together. For our intents and purposes, the two other
end-member-type sediments are silt and clay, which tend to have
sufficiently similar bulk seismic properties to be lumped into one
single group (Bowles 1997). The corresponding P-wave velocity
model is based on the work of Hamilton (1980). The results ob-
tained using the corresponding linear equation in Table 1 agree well
with recent laboratory measurements from Mondol et al. (2007).
The S-wave velocity model for silty/clayey seabeds is adopted from
Lovell & Odgen (1984).

In view of the inconsistency and uncertainty of the available data
regarding the dissipative properties of surficial marine sediments
(Hamilton 1976; Bowles 1997; Buckingham 2005), we restrict our
consideration of inelasticity to models characterized by uniform
attenuation when evaluating the reflection coefficients. This sim-
plification is justified given that preliminary numerical modelling
experiments with attenuation profiles based on the pertinent litera-
ture (Hamilton 1972, 1976; Spencer 1981; Stoll 1989) have shown
that the detailed form of the attenuation—depth curves seem to have
only a minor influence on the reflection coefficients. To illustrate
the overall impact of an attenuating seabed, we present examples
with moderate to pronounced attenuation in the modelling section.

Finally, to separate the velocity effect from the density effect,
we keep the density in our models constant at 2100 kg m~>. This
corresponds to a porosity of ~35 per cent, which is a reasonable
average for the uppermost ~100 m of a sandy seafloor (e.g. Jackson
& Richardson 2007). The resulting seismic macromodels of the
sediment-covered seabed considered in this study are summarized
in Table 1 and illustrated in graphical form in Fig. 1.

2.2 Fine-scale layering

In clastic marine environments, sand-silt/clay sequences are com-
mon and can result from a variety of sedimentation processes
(Terwindt et al. 1968; Hiemstra ez al. 2004; Abam 2004; Rotondo
2004). Typically, such sedimentary sequences are scale-invariant,
or ‘fractal’, in nature and exhibit a characteristic hyperbolic or
lognormal distribution of the layer thicknesses (Christakos 1992;
Turcotte 1997; Holliger & Goff 2003). In the following, we seek
to reproduce this property by generating stacks of layers with the
above-mentioned stochastic thickness distribution and assign the
layers elastic properties that alternate between those of sand and
silt/clay at the given depth level. To this end, we generate second-
order stationary realizations of a random variable using the von
Karman autocovariance function C(r), which adequately charac-
terizes band-limited scale-invariant phenomena (e.g. von Karman

Table 1. Velocity—depth functions for end-member models of unconsolidated clastic seabed

sediments.

Sand

Silt/clay

Vp Vp(z) = 18001 x 0015

(Buckingham 2005; Hamilton 1979)

Vs Vs(z) = 1281 x 028

(Buckingham 2005; Hamilton 1976, 1987)

Vp(z) = 15112 +1.3041 x z
(Hamilton 1980)
Vs(z) = 20.51 x 04496
(Lovell & Odgen 1984; Bowles 1997)

Note: The units used for the depth z and the seismic P- and S-wave velocities, Vp and Vs,

are in m and %, respectively. See also Fig. 1.
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Figure 1. Seismic velocities—depth profiles for sandy (red) and silt/clayey

(green) seabeds. Solid lines: P-wave velocities; dashed lines: S-wave veloc-
ities. See also Table 1.

1948; Holliger 1996; Carcione et al. 2003)
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Here, I" is the gamma function, K, the modified Bessel function
of the second kind of order 0 < v < 1, r the lag, a the correlation
length and o the variance. The corresponding 1-D power spectrum
is given by (e.g. Holliger 1996)

20%/anT (% + v)

Py (k) = ,
T(v) (1 + a2k2) 3™

2

where k denotes the wavenumber. This indicates that truly scale-
invariant or fractal behaviour prevails for |ka| > 1.

A stochastic process with v close to zero corresponds to the
ubiquitous pink or flicker noise, which seems to universally charac-
terize well logs in general and sonic logs in particular (e.g. Holliger
1996; Ulrych 1999; Hardy & Beier 1994; Kelkar & Perez 2002;
Holliger & Goff 2003). To generate a realization of a von-Kéarman-
type stochastic process, we evaluate the corresponding amplitude
spectrum / Py, (k), uniformly randomize its phase, and take the
inverse Fourier transform. The resulting data set has a Gaussian
probability density function (e.g. Goff & Jordan 1988). For our
seafloor models, we generate a stochastic 1-D sequence for a layer
thickness characterized by a lognormal distribution with a mean and
variance of i = 0.016m, 5% = 0.0467 m, respectively, and v = 0.1
and a = 100 m. The lognormal probability density function of our
layer sequence is obtained by transforming and rescaling the original
Gaussian-distributed data sequence (e.g. Christakos 1992; Lampe
& Holliger 2003). We then assign the layers elastic properties, al-

ternating between those of sand and silt/clay at the corresponding
depth.

3 EFFECTIVE MODELS OF
SAND-SILT/CLAY LAYER SEQUENCES

3.1 Methodology

It is well known that for wavelengths much longer than the prevailing
layer thickness, a stack of finely layered isotropic units can be
replaced by an effective, transversely isotropic layer (Postma 1955).
Vertical transverse isotropy (VTI) is a particular form of seismic
anisotropy for which the symmetry axis corresponds to the vertical
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axis of the model. In this case, the elasticity tensor is characterized
by only five independent elastic constants

Cl1 Ci2 Ci3 0 0 0

cp ¢ c3 0 0 0
Ciz3 C13 C33 0 0 0
Cymr = , 2c66 = —cp- 3
VTI 0 0 0 cs5s 0 0 c66 = c11 — c2. (3)
0 0 0 0 Cs5 0

0 0 0 0 0 Ce6

VTI adequately represents the seismic characteristics of a horizon-
tally layered medium, is computationally relatively easy to handle,
and is therefore popular for modelling purposes (Le Stunff et al.
2001; Lynn 2004). Comprehensive reviews of seismic anisotropy in
general and VTl in particular are provided, for example, by Tsvankin
(2005) and Carcione (2007).

As itis difficult to get an intuitive understanding of the anisotropy
of a medium based on its elasticity tensor, it is common practice
to use the notation introduced by Thomsen (1986) to describe VTI
media. The basic idea behind this is to separate the anisotropic
influence on the isotropic P- and S-wave quantities using three
dimensionless parameters

Ci1 — €33
= —) 4
€ em “)
* 1 2
& = 22 [2(c13 + e55)* — (€33 — ss)(cr1 + €33 — 2¢55)] (%)
33
Co6 — Cs5
y= (6)
Css

The parameters € and y provide indications of the differences be-
tween horizontal and vertical P- and SH-wave velocities, respec-
tively. §* corresponds to the second derivative of the P-wave velocity
at normal incidence and thus describes the anisotropic behaviour at
near-vertical incidence angles (Tsvankin & Thomsen 1994). All pa-
rameters are zero for isotropic materials. Sidler & Carcione (2007)
investigated the behaviour of the P-wave reflection coefficient due to
anisotropy controlled by the Thomsen parameters. They found that
in terms of P-wave reflection, the coefficient € controls steeply inci-
dent waves and increases or decreases the reflection coefficient in the
pre-critical range, whereas § most influences the critical and post-
critical range where the change of amplitude is most pronounced,
especially in combination with attenuation.

The seismic seabed models derived above have velocity gradients
that are especially prominent at shallow depths, which in turn result
ina corresponding depth-dependence of the dominant seismic wave-
length. This is important because the long-wavelength-equivalent
approximation is valid only for wavelengths substantially longer
than the evaluated layer sequence. The ratio between the dominant
wavelength X and the effective layer thickness d

R=% (7)

was estimated to be in the range between five to eight for a periodic
layer sequence (Postma 1955; Carcione ef al. 1991), and more than
eight for stochastic layer sequences (Carcione 2007). This is illus-
trated in Fig. 2, which shows velocity—depth profiles for different
values of R based on 10 stochastic realizations of the P-wave ve-
locity. We see that there is no clear threshold and that a value of R
around 10 is a good approximation. Much smaller or much larger
values of R can be clearly identified as either oversimplifying the
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Figure 2. Ten realizations of the P-wave velocity for the same stochastic layer sequence with different effective media averaging values R. (a) R =1, (b) R =
5, (c) R =10 and (d) R = 100. The red and green lines corresponds to the sand and silt/clay end-member models, respectively.

underlying heterogeneity or as being inefficient. Moreover, Fig. 2 il-
lustrates that a too coarse sampling of finely layered sediments leads
to an underestimation of the heterogeneity and, consequently, also
to an underestimation of the variability of the anisotropy (e.g. Sams
1995).

To estimate the seismic characteristics of the stochastic layer
sequence described earlier, we set up a substitute layer stack in
which the layers have a thickness of one tenth of the dominant
wavelength. We consider a dominant frequency of 35 Hz, which
is typical for marine seismic exploration data, and use the higher
velocity of our bimodal distribution. Using effective media theory,
we then replace the isotropic sand and silt/clay layers from our
geological model with anisotropic layers with an equivalent seismic
response

e = (e — sy )+ (e53) (c3’3'c13)2,

en = (e5)

c13 = <c_31)7l <c3_31013),

ess = {ex) ®)
co6 = {Co6)»

where the weighted average of L different components is defined as

L
(a) = Zplal
=1

©

with p; denoting the fractional proportion of component a;. The
global process of creating a stochastic layer sequence, assigning
material properties to the layers, and estimating the material prop-
erties of equivalent layers with a tenth of the wavelength at a given
depth using effective media theory (Backus 1962; Schoenberg &
Muir 1989) is schematically illustrated in Fig. 3.

An inherent property of a stochastic variable is that an infinite
number of realizations are possible. In the following, we there-
fore calculate the elastic equivalent of 100 different realizations of
stochastic layer sequences and extract the mean values and standard
deviations for the P- and S-wave velocities as well as for the three
Thomsen parameters €, § and y . For vertically travelling waves, the
P- and SV-wave velocities of the transversely isotropic medium are
given as

Ve = e/, (10)
Vsy = +/css/p, (11)

where p denotes the density. In directions other than vertical, the
velocities vary depending on the prevailing anisotropy. The mean
of all realizations corresponds to an alternating layer sequence with
uniform layer thickness according to the average layer thickness of
the stochastic layer sequence.

© 2010 The Authors, GJI, 181, 521-531
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this averaging interval increases systematically with depth in response to the correspondingly increasing seismic velocity and wavelength.
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Here, the silt/clay layers are isotropic.

3.2 Application to sand-silt/clay layer sequences

To isolate the effects of thin layering on the seismic anisotropy of
the surficial seabed from those related to intrinsic anisotropy, we
assume that the silt/clay layers are isotropic for our first suite of
stochastic models. Practically, this assumption corresponds to the
relatively common case of an interlayering of sand and silt or non-
mineralogical, granulometric clay. The mean and standard deviation
of the seismic velocities of the equivalent medium are shown in
Fig. 4(a). Fig. 4(b) shows the Thomsen parameters for the effective

medium together with their standard deviations. The parameter ¢

is zero for the entire depth range considered, § is small and largely

invariant, whereas y is characterized by large variations with high

values at the ocean bottom and a rapid decrease along with depth.

y is significantly larger than the other anisotropy parameters and its

variation for different realizations of the stochastic velocity models

is quite significant.

Based on these parameters and the fact that y is controlling the
elliptical anisotropy of the SH-wavefield, which, for the VTI case is
entirely decoupled from the ¢gP-SV -wavefield, it is not immediately
obvious whether our seafloor model supports SV -wave triplications.

© 2010 The Authors, GJI, 181, 521-531
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Thomsen & Dellinger (2003) address this question by comparing an
approximative parameter o ., With the corresponding anisotropy
parameter o (Tsvankin & Thomsen 1994) and conclude that if the

condition

2
De—8) =0 > ouienr = = [ 1+6 — (12)
Css 3 9033

is fulfilled, SV-triplication do indeed exist. This implies that, for a
certain range of propagation angles, the medium supports three dif-
ferent group velocities (Dellinger 1991; Zhou & Greenhalgh 2004).
Eq. (12) indicates that the occurrence of SV-waves triplications is
strongly related to the vertical P-to-S-wave velocity ratio given by
Jc33/css (see eqs 10 and 11), which is inherently very high for soft
surficial seabed sediments (Table 1; Fig. 1). Figs 5(a) and (b) show
the group velocities of the P- and S-waves and the corresponding
polarization at the ocean bottom for the considered seabed model.
Evaluation of the condition for triplications (eq. 12) indicates a large
disequilibrium which indeed results in triplications for all propaga-
tion angles that are more than 8° off the axis (Fig. 5b). Please note
that the angular range for SV -triplications lies between the cusps
of the group velocity curve and that the corresponding minimum
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angle is defined as the angle between the z-axis and the line con-
necting the origin with the cusp. Conversely, our effective medium
does not fulfill the condition for anomalous polarization (Helbig &
Schoenberg 1987)

ci3+ca < 0.

(13)
While the intrinsic anisotropy of sand, silt and non-mineralogical
clay is considered to be quite benign due to the random orientation
of the predominantly round grains (e.g. Carlson ef al. 1984), the
intrinsic anisotropy of mineralogical clay is generally very impor-
tant (e.g. Wang 2002). In our second stochastic layer sequence, we
account for this phenomenon and use the Thomsen parameters de-
rived by Bayuk et al. (2007) (¢ = 0.89, y = 3.1 and § = —0.34) to
model the effect of the intrinsic anisotropy of the clay layers. The
corresponding results are shown in Figs 6(a) and (b) for the seismic
velocities and Thomsen parameters, respectively. The anisotropy
of individual realizations quantified by § and y becomes less er-
ratic resulting in a smaller standard deviation, although the mean
values are about twice as large as for the purely isotropic layering
(Figs 4 and 6). € shows higher values over the entire depth range.
The P- and SV-wave group velocities of this medium as well as
the corresponding polarizations are shown in Fig. 7. Because of the
large anisotropy, the SV-wave velocities off the x—z axes are sub-
stantially larger than along the axes and SV -wave triplications occur

(@) o

L B B B B L S B L | By B B |

AN 4

10 “‘\) —P-velocity

v
~ it

——S-velocity

20

AN

30F

[

(m)

40

PR

1,7,0%
PR R A ]

Depth

A

|‘

[}
50F ¢
L 1
60F |
- 1
70F )

A

o as N =,

90

PR

.
- I

\

80 «
oo

1

1

!

x

E <~~~
N
AN =YV Ny

’
1 1 1 PP T 1

100—

o
w

| I PRI PRI P P PR N
00 600 900 1200 1500 1800 2100
Velocity (m/s)

() op

(m)

Depth

1200

1000

800

600

400

N
o
(=]

z—axis group velocity (m/s)
o

500 1000 1500
x—axis group velocity (m/s)

(=]

Figure 7. Same as Fig. 5, except that the clay layers are assumed to be
intrinsically anisotropic (¢ = 0.89, y =3.10, § = —0.34).

already for S-waves propagating at angles differing more than 1°
from vertical. As in the previously considered case of uniformely

isotropic layering, the condition for anomalous polarization (eq. 13)
is, however, not fulfilled.
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4 MODELLING OF SEABED
REFLECTION COEFFICIENTS

For the seismic models considered in this study, we focus on down-
going waves reflected from the seabed back into the water col-
umn and the reflection coefficient is therefore defined as the ra-
tio between the incident and reflected pressure as a function of
the incidence angle. In contrast to most other seismic attributes,
measuring the reflection coefficient is, at least in principle, rela-
tively straightforward. Conversely, the analytical evaluation of re-
flection coefficients based on the plane-wave approximation tends
to be rather cumbersome in general and particularly so for inelastic
and for anisotropic media (Aki & Richards 1980; Krebes & Daley
2007; Sidler et al. 2008). Moreover, analytical approaches for the
evaluation of reflection coefficients are limited to relatively sim-
ple, and hence often unrealistic, models. Carcione & Helle (2004)
and Sidler & Carcione (2007) did, however, show that reflection
coefficients calculated with the plane-wave approximation agree
well with reflection coefficients extracted from corresponding nu-
merical wavefield simulations with a special treatment of interfaces
(Carcione 1991; Tessmer et al. 1992; Carcione 1996). In the follow-
ing, we evaluate the numerical reflection coefficients calculated for
four models representative of the range of seismic seabed models
considered in this study and compare the results with the corre-
sponding plane-wave reflection coefficients for equivalent homo-
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geneous half-space models. The latter are defined by the seismic
properties at the top of the corresponding heterogeneous models.
We use the frequency-slowness method to evaluate the reflection
coefficients from seismograms that are numerically obtained with
a pseudo-spectral modelling code (Kreiss & Oliger 1972; Orszag
1972; Fornberg 1975, 1987; Tessmer et al. 1992; Carcione 2007).
In principle, the numerical reflection coefficient is evaluated at the
centre frequency of the considered source spectrum. To allow for
a denser sampling of the pertinent range of incidence angles, we
did, however, consider the composite solution for three individual
frequencies in the immediate vicinity of the centre frequency. A
detailed description of the frequency-slowness method for estimat-
ing the numerical reflection coefficients as well as the equations for
evaluating the analytical plane-wave reflection coefficients can be
found in Sidler et al. (2008).

In the first example, we investigate the influence of the typically
very pronounced vertical velocity gradients in the surficial seabed
on the reflection coefficient. Fig. 8(a) shows the amplitude, or ab-
solute value, of the generally complex-valued reflection coefficient
for a homogeneous half-space with the elastic properties of sand
on top of the seabed. For this model, we can directly compute the
corresponding analytical plane-wave reflection coefficient, which
agrees well with the numerical solution and thus illustrates the ade-
quacy of'this approach. For comparison, we also show the analytical
plane-wave reflection coefficient for a corresponding moderately
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Figure 8. Absolute values of reflection coefficients for a sandy seabed model. (a) Numerical reflection coefficient for a homogeneous half-space with constant
velocities (Vp = 1800ms~!, Vg = 128 ms~!); (b) numerical reflection coefficient for an elastic model with the vertical velocity gradient of a sandy seabed
from Table 1; (c) same as (b) but characterized by moderate attenuation (Qp = 34; Qs = 25). Symbols represent the numerical solutions at 34, 36 and 37 Hz.
The solid and dashed lines correspond to the analytical elastic and viscoelastic plane-wave reflection coefficients, respectively.
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following parameters: Vp = 1640ms~!, Vs =90ms~' and p = 2100kgm 3.

attenuating, viscoelastic seabed characterized by P- and S-wave
quality factors of Qp = 34 and Qg = 25, respectively. The resulting
differences with regard to the elastic case are negligible in the pre-
critical range and minor in the critical and post-critical ranges. Next,
we introduce a vertical velocity gradient in the seabed of the kind
given in Table 1 and illustrated in Fig. 1 for the numerical solution
and compare it to the plane-wave solution for the corresponding
homogeneous half-space model (Fig. 8b). Here, it is important to
note that the elastic parameters at the seabed are the same as for
the homogeneous model (Fig. 8a). The numerical solution shows
a clear difference with regard to the analytical solution for the ho-
mogeneous half-space model in the vicinity of the critical angle
and in the post-critical range (Fig. 8b). Although numerical arti-
facts cannot be entirely excluded at such large incidence angles, the
decreasing reflection coefficient beyond the critical angle is likely
to be a physical reality indicating stronger transmission of the in-
cident seismic energy into the seabed in response to the vertical
velocity gradient. Conversely, the additional effects caused by at-
tenuation shown in Fig. 8(c) are relatively benign, as would indeed
be expected based on the results obtained for the corresponding
half-space model (Fig. 8a).

Fig. 9 shows the amplitude and phase of the numerical reflection
coefficient of the effective model for stochastic sand-silt/clay layer
sequences. We again first ignore the potential intrinsic anisotropy
of the clay layers and the elastic properties of this model thus
correspond to that shown in Fig. 4. The thus resulting reflec-
tion coefficient lies between the values for the corresponding ho-
mogenous sand and silt/clay half-space models. Linearized least-
squares inversion of the numerical reflection coefficient for the
best-fitting elastic half-space model yields V» = 1640ms~' and
Vs = 90ms~!. The estimated P-wave velocity agrees well with
the true P-wave velocity of 1650 ms~! at the water-sediment inter-
face, whereas the inferred S-wave velocity is overestimated by some
100 per cent. The phase of the reflection coefficient shows a discon-
tinuity at the critical angle. This phase jump, which is not present
in the homogeneous analytical model, was found to be absent in
the isotropic gradient model for the sandy seafloor discussed earlier
and could therefore be related to the transversely isotropic velocity
gradient.

To explore the seismic effects of a strongly attenuating seafloor,
we also evaluated the reflection coefficient for a corresponding
model characterized by Qp = Qs = 15. Based on the available evi-
dence, such a strong attenuation does, however, seem to be relatively
uncommon in surficial seabed sediments (Hamilton 1972; Bowles
1997). The results shown in Fig. 10 indicate that the amplitude of
the reflection coefficient is only slightly lower than for the corre-
sponding elastic model (Fig. 9) in the pre-critical range. At larger
incidence angles, the reflected amplitude is, however, dramatically
lower compared to the corresponding elastic model (Figs 9a and
10a). An additional interesting observation is that the phase jump
present in the elastic model (Fig. 9b) vanishes in the presence of
strong attenuation (Fig. 10b).

In our final model, we account for the intrinsic anisotropy of the
clay layers in the stochastic layer sequence, and the elastic properties
of the ocean bottom thus correspond to those shown in Fig. 6. The
resulting amplitude and phase of the reflection coefficient are shown
in Fig. 11, which illustrates that, for this configuration of seismic
material parameters, the seabed is highly transmissive and only a
small fraction of the incident energy is reflected. Moreover, the
reflection coefficient exhibits only a weak variation with incidence
angle and its overall character and shape are completely different
from those of the pertinent elastic half-space models. Therefore, not
surprisingly, the unconstrained and non-weighted inversion of the
reflection coefficient for the best-fitting elastic half-space model,
which yields Vp = 1430ms~!, Vg = 210 ms~', neither provides a
good fit to the observed data nor an adequate approximation of the
actual seismic properties at the top of the sedimentary pile (Vp =
1650 ms™!, Vg = 30ms™!). Here again, it is important to note that
the error in the estimation of the P-wave velocity in the immediate
vicinity of the seabed is quite moderate (~15 per cent), whereas
the corresponding S-wave velocity estimate is off by almost one
order-of-magnitude.

Sedimentary layering in the surficial seabed thus seems to influ-
ence S-wave propagation considerably more strongly than P-wave
propagation. Changes in the P-wave reflection coefficients due to
fine layering and velocity gradients with regard to the correspond-
ing isotropic homogeneous half-space model are rather moderate
and primarily restricted to larger incidence angles, where P-wave
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transmission is reduced and S-wave conversion becomes the control-
ling mechanism. Our results thus indicate that for certain, arguably
reasonably realistic, models of the sediment-covered seabed the in-
verse problem for the estimation of the seismic properties based on
the elastic P-wave reflection coefficient is inherently ill-posed.

5 CONCLUSIONS

We have constructed realistic seismic models of a surficial seabed
covered by unconsolidated clastic sediments and explored the impli-
cations arising for seismic wave propagation in general and seafloor
reflectivity in particular. In doing so, we made a concerted effort
to constrain the amount of seismic anisotropy that could poten-
tially be present in the surficial seabed due to the interlayering of
sand and silt/clay, which are the most common types of clastic ma-
rine sediments. The corresponding results indicate that anisotropy
is rather benign for P-waves but does have a pronounced impact
on the propagation of S-waves. We found the layered media con-
sidered in this study to exhibit S-wave triplications at propagation
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angles as low as 8° and 1° off the axes for uniformly isotropic lay-
ers and intrinsically anisotropic clay layers, respectively. We also
found that a seafloor containing intrinsically anisotropic clay layers
tends to transmit most of incident seismic energy. In such cases,
the reflection coefficient varies only weakly with incidence angle
and a critical angle cannot be clearly identified. The large S-wave
anisotropy in combination with the moderate P-wave anisotropy
resulting from our models indicate that the estimation of S-wave
velocity in the immediate vicinity of the seabed based on analytical
models of the P-wave reflection coefficient is in many, if not most,
cases likely to be inadequate. Conversely, our results also indicate
that corresponding estimates of the P-wave velocity are in general
remarkably accurate and robust.
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