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Abstract

Acquiring seismic data with multichannel, multiple-streamer and even multi-
componentsystems at sea provides excellent images of the Earth. However, the cost
and complexity of operations prevent their use in busy areas such as ports or in sensi-
tive environments such as lagoons. In the latter cases, mono-channel Chirp or Boomer
systems are the most viable instruments for marine surveys. The lack of multiple off-
sets prevents the use of standard tools for amplitude-versus-offset and velocity analysis,
which are necessary for the lithological characterization of rocks, especially for the
shallow sediments in offshore engineering. In this paper, we present a few recent tech-
niques that exploit the traveltime and amplitude of multiple reflections to compensate
for the offset limitation, including a new algorithm for the joint tomographic inversion
of direct arrivals, primaries and multiples. We have developed a cost-effective workflow
for mono-channel surveys based on a data-driven, physically consistent philosophy that
attempts to approximately extract lithological parameters, such as P velocity, anelastic
absorption, acoustic impedance and even density. We applied the proposed workflow to
areal field experiment and obtained a semi-quantitative estimate for shallow sediments

that can be used by offshore engineers.
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et al.,, 2018). However, the expected long-term decline in
oil and gas exploration and production due to the planned

In recent decades, seismic data acquisition and processing
have made spectacular progress, thanks to massive invest-
ments by the oil and gas industry in the development of
new technologies. Following the 3D seismic revolution of the
last century, the number of channels in acquisition systems
has skyrocketed (Pecholcs et al., 2010, 2012), and sophis-
ticated processing methods such as full-waveform inversion
(Alkhalifah, 2014; Plessix, 2008, among many others) have
consolidated. Thus, multi-parameter Earth models can be
estimated with increasing resolution and reliability (Huang

energy transition to mitigate global warming is leading to a
decline in public and private investment in this area. There-
fore, the existing hydrocarbon detection technology should be
shifted to other geosciences, such as hydrology and geoengi-
neering. This paper presents some recent and new seafloor
characterization algorithms for marine geology and offshore
engineering. These tools can greatly improve the informa-
tion obtained by very low-cost surveys, such as mono-channel
Chirp or Boomer profiles (Miiller et al., 2002, 2009). These
marine high-resolution methods use a temporary-long (up
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FIGURE 1
mono-channel data.

Proposed workflow for processing Chirp and Boomer

to 32 ms), frequency-modulated source-waveform (Gutowski
et al.,, 2002; Schock & LeBlanc, 1990) and a temporally
short (<1 ms) impulsive source-waveform (McGee, 1995;
Verbeek & McGee, 1995), respectively. These systems are
far inferior to multichannel and multi-streamer systems in
terms of inversion and imaging quality (Hite & Fontana,
2007; Landais et al., 2014; Moldoveanu et al., 2020), but
they may be the best option in busy areas such as harbours
(Barsottelli-Botelho & Mesquita, 2015) or sensitive protected
areas, such as marine reserves (Gordon et al., 2003), lagoons
(Zecchin et al., 2008) or even archeological sites (Miiller et al.,
2009). Bull et al. (1998) modelled the seafloor reflectivity to
detect a wreck using the polarity of uncorrelated Chirp data.
The standard processing flow applied to the mono-channel
high-resolution seismic (including Boomer and Sparker) and
Chirp data comprises simple steps, such as automatic gain
control, time-varying frequency filters and predictive decon-
volution (Alves & Mahiques 2019; Duchesne & Bellefleur
2007).

In this paper, we present a processing flow that follows
the data and physical criteria as much as possible, trying to
overcome the strict limitations of a single-channel acquisition
system. Adopting data-driven algorithms, we reduce the work
required to the interpreter and also the related personal bias.
Figure 1 shows the main steps, which are described in detail in
the following sections and then applied to real examples. We
start with the raw field data and take special care not to apply
any adaptive gain function (such as automatic gain control
or normalizations by maximum or average amplitude). Other-
wise, the information from the lateral and vertical variations
of the signal amplitude would be destroyed. With algorithms
based on the simplified physics of a 1D Earth model, we
can use the amplitude and traveltimes of multiples to com-
pensate to some extent for the lack of receiver multiplicity.
In this way, we obtain a semi-quantitative estimate of the P
velocity, acoustic impedance and density of shallow marine

VESNAVER AND BARADELLO

sediments. The uncertainties in the estimation are not negligi-
ble, but they can be very useful for practical applications when
the alternative can only be expensive and invasive exploratory
drilling.

In the first section, we address compensation for the geo-
metrical spreading, which is a challenge if we ignore (at
least initially) the Earth’s velocity model. In the second sec-
tion, we present a simple method for subtracting multiples:
once applied, the correction for geometrical spreading can
be further adjusted based on the data, accounting for anelas-
tic absorption to some extent. We show that a conventional
deconvolution method such as gapped predictive deconvolu-
tion is theoretically suitable not only for Boomer surveys but
also for the Chirp data. After improving the amplitude fidelity
of the signal, we show in the third section that we can use
the amplitude of the multiples to invert the reflectivity and
acoustic impedance of the seafloor. To get an indication of the
density of the shallow sediments, we need to estimate their P
velocity: In the fourth section, we show that this information
can be obtained by joint tomographic inversion of primary
signals and some multiples types. A final section is devoted to
the detection of fluid plumes in seawater for marine geological
studies.

GEOMETRICAL SPREADING
CORRECTION

To use the information about the Earth in the signal ampli-
tude, we must first compensate for its geometrical spreading.
The seismic energy is distributed on wave fronts that expand
and propagate in the rock layers as a function of time and
local velocity: therefore, in principle, each event should be
corrected by its own spreading factor, according to a 3D veloc-
ity model. However, for single-channel data, the uncertainty
of the estimated velocity can be substantial, especially at small
distances between source and receiver (Vesnaver & Baradello,
2022a). The only signals we can confidently deal with are the
multiples reverberating between the seafloor and the surface.
The velocity of seawater can be estimated by independent
measurements of temperature and salinity using an empir-
ical formula (Mackenzie, 1981). In most cases, a value of
1500 m/s is a good approximation, although reported exper-
imental values range from 1430 to 1520 m/s. Vesnaver et al.
(2003) suggested that local and seasonal variations should be
taken into account and that seawater velocity should be set as
a variable parameter to be estimated at each location during
the survey.

The total energy E, of an ideal instantaneous pulse over a
spherical wavefront of radius r, is equal to 47z ry” ay?, where
ay is the signal amplitude at time #,. In an elastic medium,
the energy remains constant during the propagation, and so
at a time ¢ the energy is E(f) = 4z r(H)* a(t)® = Ey. As a
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MONO-CHANNEL CHIRP AND BOOMER SURVEYS

consequence, we get:

ay (1) = agro/r (1) = agro/ (vyt) ¢))

where v, is the velocity of the seawater. The amplitude decay
a;(t) of a pulse over time ¢ is inversely proportional to its
distance r from the emitting source when propagating in an
elastic homogeneous 3D medium.

Multiplying each value in a seismogram s(f) by a factor v, ¢,
the amplitudes of the seafloor reflection and its multiples are
compensated for the decay that occurs in a 1D Earth model
for a plane wave perpendicular to horizontal layers. We will
see in a later section that this is necessary for both removing
and inverting the multiples.

The function a;(#) holds for a source emitting seismic
pulses isotropically in the seawater. This assumption is a fair
approximation for Chirp systems or Boomer with a single
plate — (as for the data presented in this paper, with a diame-
ter of 40 cm). Boomers with a plate array have an anisotropic
radiation pattern focused along the vertical direction (Crocker
& Frantantonio, 2016). This pattern may be characterized by
the angle ¢ between the orthogonal to the sea surface and
the line where the signal amplitude is half of its maximum.
Ruppel et al. (2022) showed that this angle is about 60° for a
three-plate directional Boomer. In similar cases, the isotropic
factor a,(f) can produce an over-compensation and should be
modified allowing for the ¢ angle.

Claerbout (1985) and Denich et al. (2021) have shown that
an additional factor r~! should be added in the signal com-
pensation if we assume that the source spectrum is white and
the propagation medium is homogeneous but anelastic. In this
hypothesis, a different a,(f) compensation function should be
used:

ay (1) = 1/(a1), (@)

where « is the anelastic absorption coefficient of the medium.
Such a function may enhance the primaries fairly but overem-
phasize the multiples. An intermediate effect is obtained if a
non-white (and thus more realistic) source spectrum is con-
sidered. Based on an exercise proposed by Claerbout (1985),
Denich et al. (2021) proved that the function a,() is a good
approximation:

ag () =T+ 1)/(@)’™', 3)

where I'(.) is the Gamma function and f is the exponent
of the function lwl’ that best fits the amplitude spectrum
of the source, where w is the angular frequency. Relation
(3) is valid for f > —1 and allows to compensate only the
anelastic absorption contribution. Either (2) or (3) should be
applied in sequence after the factor a;(¢), so that the cumu-
lative exponent for the time ¢ becomes 2 or 2 + . The

1389

P parameter must be negative, otherwise, the function lwl?
would diverge. Values for § close to —0.5 are quite com-
mon for Chirp or Boomer data according to our practical
experience.

A REAL DATA-SET

To test the proposed workflow and highlight its intermediate
steps, we selected a Boomer survey acquired in the port of
Trieste (Adriatic Sea). This geophysical survey was requested
for a possible extension of about 200 m of the Trieste Marine
Terminal, to improve the commercial traffic capability. The
port of Trieste has a deep natural draft of about 18 m, which
is very attractive for the modern high-capacity vessels. The
port is protected by artificial breakwaters, making the water
surface definitely calm. During the acquisition, no boat or
vessel could navigate close to the straight line of the profile.
In the bay, the sediment consists of Holocene marine muddy
deposits up to 10 m thick, overlying the Late Pleistocene
fluvial channel-levee system that crossed the bay during the
subaerial exposure of the last glacial period (Trobec et al.,
2018). The inflow of fresh water in the port is negligible, as
proven by the high salinity in the whole Gulf of Trieste.

The system type is an electrodynamic plate AAE301, with a
sampling interval of 50 us and a recording duration of 200 ms.
The plate is mounted on a catamaran frame, suspended at a
constant depth of 10 cm to reduce dragging turbulence. The
actual offset is ranging from 3 to 3.5 m, with a mono-channel
receiver composed of an array of 8 preamplified hydrophones.
The shooting interval is three times per second, correspond-
ing to 0.6-0.7 m in space, due to the normal navigation speed
of 3.5-4 kn. The water depth is about 15 m along the pro-
file, which is parallel to the coastline. The streamer with the
receiver is kept as shallow as possible (i.e. a few cm) with
suitable floaters to avoid the possible destructive interference
produced by the air—water interface. The price paid for this
advantage is an increase of the noise due to the sea waves,
which we reduced later by a low-cut filtering.

The depth source is about 30 cm on catamaran and its nom-
inal source frequency ranges from 100 to 7000 Hz. A low-cut
filter was applied to eliminate the ultra-low frequency that
normally affects this type of data, due to spurious currents.
The sea conditions were good during the acquisition, so not
affecting the data quality.

APPLICATION EXAMPLE

Our first processing step was a simple band-pass Ormsby fil-
ter with corner frequencies of 100, 1000, 5000 and 7000 Hz
to remove the very low-frequency noise that is typical of
Boomer surveys, which is very strong in our case too. Figure 2
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FIGURE 2

VESNAVER AND BARADELLO

Seismic sections with the Boomer data after a preliminary band-pass filtering, without (a) and with (b) a geometrical spreading

correction using the functions a,(¢) for the propagation in the seawater only (b). The blue rectangle indicates the shot range used later for the

amplitude inversion, and the green one shows that one used for the traveltime tomography.

shows the profile before and after the correction for the prop-
agation in the water layer, that is using the function a;(?).
In the plot, a global equalization was carried out to com-
pare the two seismic sections, while preserving the lateral
amplitude variations due to a different reflectivity. We notice
that the multiples’ train duplicating the seafloor between 40
and 60 ms is stronger, although its amplitude is not so high as
the primary.

In addition to a sharper image of primaries (around 20 ms)
and multiples (around 40 ms), we notice also some weak
shallow events between O and 5 ms. The earliest ones are
direct arrivals from the source to the streamer, with an off-
set between source and receiver of about 3 m. As the source
depth is 30 cm only, a possible ghost contribution becomes
part of the main signal. The other arrivals just below it should
be reflections from different water layers, due to some sharp
change in the water temperature at a depth of a couple of

meters. These and other arrivals above the sea floor are nor-
mally muted out, but we will see later that they may bear
important information.

Figure 3a displays the autocorrelation of the data in
Figure 2b, that is after the compensation for the geometrical
spreading. The very first peak may be due to a ghost effect
of source and receiver: as both are at a depth of 30 cm, the
corresponding two-way traveltime is 0.4 ms for a seawater
velocity of 1500 m/s. At a short lag, that is about 5 ms, we
notice the peaks due to reverberations in the shallow sed-
iments. At lags of about 20 ms we see the peaks due to
seafloor multiples, which account for most of the energy. At
later times, weaker peaks correspond to higher-order mul-
tiples. In the amplitude spectra (Figure 3b), we notice that
most of the signal energy ranges from 1000 to 6000 Hz, as
we removed the lowest frequencies that are dominated by
noise.
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FIGURE 3

MULTIPLES’ ATTENUATION

For Chirp or Boomer surveys in shallow waters, multiple
reflections from the seafloor are a major problem because
their strength can overwhelm weaker reflections from shallow
sediments. Mono-channel surveys cannot rely on established
methods, such as SRME (surface-related multiple elimina-
tion) (Verschuur et al., 1992), Tau-p domain deconvolution
(Russell et al., 1990) or FK filtering (Yilmaz, 2001, among
others) that exploit the redundancy and geometry of multi-
ple offsets. The simplest solution is to return to good old
predictive deconvolution (Peacock & Treitel, 1969; Robin-
son & Treitel, 1967), using a prediction distance that is
close to the two-way traveltime between the seafloor and the
surface. This algorithm, also referred to as gapped deconvo-
lution, is certainly applicable to Boomer surveys because this
impulsive source produces waveforms that closely resemble
minimum-phase wavelets. Some doubts may arise when deal-
ing with conventional Chirp data. The Chirp source emits
short sweeps that, after a cross-correlation, become pulses
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Autocorrelation (a) and amplitude spectra (b) of the data in Figure 2b.

like the Boomer. The standard recording system immediately
converts the received signal to its envelope; otherwise, the
narrowband high-frequency signal is very difficult to inter-
pret. Recently, however, Denich et al. (2021) proved a theorem
stating that the envelope of a minimum-phase wavelet is still
a minimum-phase wavelet. On this basis, applying a gapped
deconvolution to enveloped Chirp traces is a mathematically
correct option, if the original Chirp signal is converted to
minimum-phase.

Figure 4a displays the image obtained by a gapped deconvo-
lution, using a prediction distance of 16 ms and a filter length
of 19 ms. In this way, the filter acts mainly to the multiples,
which are indeed attenuated a lot. We note only a few traces
affected by numerical ringing. In the time range of multiples,
between 40 and 60 ms, we cannot distinguish other clear pri-
maries, although a few low-frequency scattered signals show
up that do not seem to be multiple residuals.

Another classical approach to multiple attenuation is its
modelling and subtraction (see, e.g. Fomel, 2009; Wiggins,
1988). We picked the seafloor traveltime semi-automatically
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FIGURE 4 Multiple attenuation by gapped deconvolution (a) and
multiple subtraction (b) applied to the data in Figure 2. These sections
are normalized by their average energy. Their difference (c) is
computed as a plain subtraction of (a) and (b).

by cross-correlating the seafloor reflections with a pilot
wavelet. We then extracted a time window that started at the
seafloor and included all reflections up to the first multiple
arrival time. We aligned this window of events by maximizing
the coherence between shifted primaries and their multiples,
scaled by a factor that minimized the resulting energy. For
more details, we refer the reader to Vesnaver et al. (2021).

Figure 4b shows how this approach compares with gapped
deconvolution. In our case, it is a bit less effective in mitigat-
ing the multiples but preserves nicely the relative amplitude
differences in the shallow sediments. The shallowest reflec-
tors are sharper and show lateral variations in reflectivity,
so contributing to interpretations based on seismic stratigra-
phy. On the other hand, when dealing with Chirp data, this
approach introduces negative values are that are not expected
in a normal Chirp section. They can simply be set to zero if a
standard display of Chirp data is preferred.

VESNAVER AND BARADELLO

FIGURE 5
multiple subtraction (b) applied to the data in Figure 2, multiplied by

Multiple attenuation by gapped deconvolution (a) and

the data-driven function a/}(t), using a ff value of —0.35 and —0.395,
respectively. The sections are normalized by their average energy.

Figure 4c highlights the results obtained by these meth-
ods for multiple attenuation, computed by a plain difference
between the two sections normalized by their energy. A resid-
ual multiple is evident between 40 and 50 ms, but even higher
differences show up at the see floor around 20 ms, due to the
ringing introduced by predictive deconvolution. The latter one
is more effective for attenuating multiples, but the price paid
is a distortion of the reflectivity in the shallow sediments.

According to the workflow in Figure 1, the next step is
compensating for the amplitude decay due to the anelastic
absorption in the formations below the seafloor. We computed
different values for the 3 coefficient fitting the average ampli-
tude spectra of the two entire sections in Figure 5, thatis —0.35
for the gapped deconvolution and —0.395 for the multiple sub-
traction. This difference depends on the diverse amplitudes of
the multiple residuals. We cannot detect new signals below
the attenuated multiples, but we get minor improvements in
the imaging of shallow reflectors.

REFLECTIVITY AND DENSITY FROM
MULTIPLES

Picking of the primary reflection from the seafloor and its
shallow multiples is tedious and challenging, and sometimes
impossible if the signal is overlaid with noise. However,
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this processing step allows inverting the amplitudes of these
signals to estimate the seafloor reflectivity.

Figure 6 shows the typical multiples that we can expect
in a shallow marine survey: what we call ‘simple’, that is
with two reflections at a layer interface and one at the sea
surface; a peg-leg multiple, that is a primary reflection from
the base of sediments followed by a bounce in the water layer;
an intrabed multiple, including a bounce in the sediment layer;
and reverberations in the water layer between the sea floor and
surface. We plotted the direct arrival too, which may be used
in Boomer surveys for controlling the actual offset between
source and receiver. Among the multiples, the amplitude of
the reverberations in the water layer allows estimating the
reflectivity of the seafloor.

If the offset between the source and the receiver is small
(e.g. 3 m) and the seafloor is flat, we can approximate the
Earth with an acoustic 1D model that assumes vertical prop-
agation of seismic waves in seawater. After compensating for
the geometrical spreading by (1), the amplitude of the rever-
berating signals depends only on the initial value S at the
source, the reflection coefficient R, at the air—water contact at
the sea surface and the reflection coefficient R of the seafloor.
The amplitude A; of the signal recorded at the sea surface after
J bounces through the water layer is

A;j=SR R/ )

where A, refers to the primary reflection, A, to its first multi-
ple and so on. For P velocities of 343 and 1500 m/s for air and
seawater, respectively, and corresponding densities of 1.225
and 997 kg/m3, the reflection coefficient R, at the sea surface
is 0.9994, which can be approximately expressed as 1. Since
the relation (4) holds for any integer value of j, we can replace
Jj with (j + 1) and obtain:

o
A, =SRVTVR (5)

Dividing (5) by (4), we get:

Thus, the amplitude ratio of two successive bounces does
not depend on the source strength S, but only on the reflection
coefficients R, and R, at the water layer boundaries. If we
approximate R, by 1, these ratios depend only on the seafloor
reflectivity R;. When sea waves cause a rough surface,
the reflectivity can change and become even frequency-
dependent, in principle. However, Chapman and Scott (1964)
showed experimentally that this effect is negligible for small
offsets and for acoustic sources with frequency ranging from
100 to 6400 Hz.

In principle, many multiples can appear in our records, but
because of random noise and interference with other events,
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in most cases, we can only detect the seafloor reflection and
its first two multiples. To estimate R; from the measured
amplitudes A;, we can define and minimize an object function
O(A)):

0(4)) =Y, (4,-4,)" =0 (S.R.Ry). ()

where A_j are the measured amplitudes and A; are values
modelled by (4) by testing different values for S, R, and R;.
When Ry is set to 1, only two terms are needed in (7), which
otherwise becomes an overdetermined system. However, our
experience with noisy data has shown that the three-terms
function in (7) gives more stable results. Further improve-
ments can be achieved by writing the relation (6) explicitly
for the first and second multiple:

A/ Ay = RoR| = A3/ Ay, (3)
and rearranging it as
A5 —AA; =0. ©

Equation (9) can be used as a constraint for minimizing (7).
Deviations of the experimental data from this relationship can
measure the signal level with respect to noise.

An alternative algorithm for solving (4) is taking the loga-
rithm side by side. As an example, for j ranging from 1 to 3,
we get a system of 3 equations in 3 unknowns, which is sim-
pler and faster to be computed. However, this approach cannot
reduce the deviations from the physical constraints expressed
by (9) due to the random noise in the data.

Theoretically, we can go one step further. The reflectivity
R, for offsets close to zero depends on the acoustic impedance
of the shallow sediments p .4 v,.q and that of the seawater p,,
V!

R = (PsedUsed = PwVw)/ (Psealsed + Py Uy)s (10)

where p,.q and p,, are the densities, and v,y and v, are the
velocities of the two media. Rearranging (10), we obtain:

_ 1+ R, 1
PsedVsed = Pwlw m ( )
1

For deep waters, the density p,, and velocity v, of seawater
can be estimated by measuring the temperature and salinity
during the survey, using the formulas of Millero et al. (1980)
and Mackenzie (1981), among others. In shallow waters these
formulas may not hold, and so a direct measurement of water
velocity and density may be needed. In the next section, we
will see that we can also estimate the sediment velocity v, 4 by
exploiting the multiples’ traveltimes. In this way, all terms in
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FIGURE 7 Picked primary reflection from the seafloor (green
line), first simple multiple (blue line) and second simple multiple (red
line) of the part of the section indicated by a blue rectangle in Figure 2.

(11) become available except for the density p,.q, Which can
thus be calculated by solving this equation.

Figure 7 shows the picked primary reflection of the seafloor
(green line) and its simple multiples (blue and red lines). We
skipped events too weak or uncertain, to avoid compromising
the inversion quality. The seafloor is slightly curved upwards
and very smooth, except for a small irregularity close to the
shot 850. This irregularity is a good guide for detecting and
picking the first and second simple multiples.

The picking procedure is different between Boomer sig-
nals (which are minimum-phase) and Chirp signals (which
are zero-phase). For the latter ones, the traveltime at the
maximum amplitude of the waveform must be selected. For
Boomer signals, instead, the first onset of the waveform must
be picked: this is normally easy for the seafloor primary, but
quite challenging for the multiples. Moreover, we must allow
for the polarity reversal occurring at each reflection back-
wards from the sea surface. Trying to optimize the picking
quality, we tested two ways: a first one was just a careful
manual picking of the signal onset, and a second one was the
maximum (or minimum) amplitude of the waveform followed
by a time correction. We computed its amount by estimat-
ing an average signal wavelet over the main reflections of the
whole section, measuring the traveltime difference between
the waveform onset and its maximum. The two approaches,
however, produced very similar results and require compara-
ble efforts, so we can hardly recommend either of the two.

For the inversion of the amplitudes, we assumed a standard
seawater velocity of 1500 m/s. Figure 8 shows the estimated
reflectivity (blue line), which is nearly constant, ranging from
0.20 to 0.22. This smoothness fits the visual impression we get
when we look at the underlying magnified details of the corre-
sponding seismic traces. The coloured dots superimposed on
the reflectivity line are mostly blue, indicating minimal devi-
ations from the fit expressed by Equation (9). The yellow line
is the estimated density assuming an average sediment veloc-
ity of 1250 m/s. This value may seem too low, since it is lower
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FIGURE 8 Estimated reflectivity (blue line), reflectivity
reliability measured by the deviation (coloured dots) and density
(yellow line) estimated using a sediment velocity of 1250 m/s,
superimposed to a zoom of the seafloor reflection and the shallowest

underlying signals.

than the velocity of seawater, but we will see in the next sec-
tion that this value approximates the tomographic estimates.
The density values range from 1.73 to 1.82 g/cm?, which is
consistent with the sandy sediments present in the area. The
density curve is slightly oscillating at the seafloor irregulari-
ties but does not fit tightly their traveltime variations as well
as might be expected for an independent lithologic parameter.

As the sea floor is quite flat in our case, the signal amplitude
dependance on the source directivity is negligible. When the
sea floor dip is significant, instead, some compensation is nec-
essary. For frequency at the lower side of Chirp sources, for
example 2000 Hz, the amplitude decreases by 3 dB at an angle
of 60°, and 6 dB at 90°. At frequencies around 8000 Hz, the
signal vanishes at 60°. For Boomer plates, Riedel and Theilen
(2001) showed that similar dependencies exist. The compen-
sation for the source directivity is critical for AVO (amplitude
versus offset) analysis of multichannel surveys, which is not
possible for mono-channel seismic data.

VELOCITY ESTIMATION BY MULTIPLES
AND PRIMARIES

Velocity analysis with multichannel recording systems uses
the time difference for the same reflected event at differ-
ent offsets between source and receivers. Algorithms range
from simple stacking velocity analysis (Maine, 1962; Taner &
Koehler, 1969) to migration velocity scans (see, e.g. Biondi,
2006; Yilmaz, 2001) to the most advanced full-waveform
inversion methods (Alkhalifah, 2014; Plessix, 2008), which
may even incorporate artificial intelligence (Alkhalifah et al.,
2021). Single-channel systems lack this information redun-
dancy. For Boomer and Chirp systems, only a single offset is
available, which is small (for Boomers) or simply zero (for
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Chirps): in other words, these surveys provide a common-
offset or even just a zero-offset gather. When diffractions are
present, post-stack time-domain migration velocity scans can
in principle give an indication of velocity, but the uncertainty
for such an approach can be substantial (Fomel et al., 2007).
In this paper, we propose instead a tomographic approach that
takes advantage of the redundancy of information added to the
primaries by the traveltimes of the multiples.

A few multiple types occur frequently in shallow marine
surveys. The easiest to detect, and often the strongest, is
the first-order multiple, which comes from the seafloor and
bounces only once on the sea surface, which we call a ‘sim-
ple multiple’. Occasionally, second- or third-order multiples
of similar type can also be reliably detected: in this case, their
amplitude inversion can provide information about the lithol-
ogy of shallow sediments. Another common type is a peg-leg
multiple, that is a deeper primary wave followed by a bounce
of the seismic waves in the water layer. The most difficult
type to interpret is intrabed multiples, which occur as rever-
berations within two strong deep horizons: they are weaker
and possible irregularities of these horizons complicate their
pattern recognition. Figure 6 shows a cartoon with examples
of these multiples in a simple quasi-1D model, that is with
small lateral variations, consisting of two layers, the seawater
and the shallow sediments, over a half-space. For better illus-
tration, we have highlighted the thickness variations and the
offset between source and receiver, which are much smaller
in reality. In the remainder of this section, we assume that
this is our Earth model, although more layers could be con-
sidered. For most engineering applications, the properties of
the shallow sediments are the key information sought.

In a tomographic Earth model such as the one in Figure 6,
the water depth can be determined directly from the primary
reflection of the seafloor, provided the seawater velocity is
known. Then two parameters must be estimated: the thickness
and velocity of shallow sediments. At least two measurements
are required for two unknowns: one is the primary reflec-
tion from the base of the sediments, and the second can be
any multiple type, that is single, peg-leg or intrabed. If more
types are available at the same location, so much the better:
the tomographic system of equations will be overdetermined,
but usually this condition improves solution stability in terms
of noise and reduces the contribution of null space (van der
Sluis & van der Vorst, 1987; Vesnaver, 1994).

A tomographic estimate of the velocity v, and thickness ¢,
of the sediments is obtained by minimizing the object function
M(v,, t,) with the squared differences between observed and
modelled traveltimes:

M (v,1) = Y (i, —0,) + X (15, —15;)°

J J

S () Do) o

J

VESNAVER AND BARADELLO

where ;s ts;, tplj and ”?/' indicate the modelled traveltimes
as a function of the test velocity v, and test thickness f,
whereas the related barred terms are the picked traveltimes
in the seismic traces. Of course, where there are not picked
events, the corresponding difference is set to zero. The min-
imization of the object function (12) can be achieved by a
crude exhaustive search in a pre-defined window. In our trace-
by-trace approach, the size of both the data and the unknown
Earth parameters is small, and so the calculation is very fast
in a normal personal computer. More elegant optimization
methods might be preferred, as Genetic Algorithms or Sim-
ulated Annealing, but their cost-effectiveness is questionable.
A viable improvement can be expected from gradient-based
algorithms, instead.

In the modelling of the traveltimes for (12), attention must
be paid to the source and receiver depth, because its contri-
bution is not negligible. As we are using the sea surface as
a datum plane, we must increase the source traveltime by its
depth divided by seawater velocity, which is 0.2 ms in our
Boomer case study. If the receivers are floating (as in our
test case), not further corrections are needed. When dealing
with Chirp data, where source and receiver depth coincide,
we may prefer assuming the datum plane as located at the
source/receiver depth. In that case, traveltime corrections are
not needed for the primary reflections, but only at each bounce
of the signal to the sea surface. For more details on the mod-
elling and inversion strategy, we refer the reader to Vesnaver
and Baradello (2022a, 2022b, 2022c¢).

Minimization of (12) is actually 1D tomography based on
a trace-by-trace inversion. The noise and mutual interference
of events, especially in late multiples, lead to instabilities that
can be reduced by setting limits on the lateral variations of
velocity and thickness, since from a geologic point of view
strong variations of these properties are rarely expected. An
effective smoothing procedure is to apply a lateral median
filter along the profile for both estimated velocities and thick-
nesses, as this removes isolated spikes while preserving sharp
anomalies of significant extent.

For the inversion of amplitudes to estimate seafloor reflec-
tivity, we chose a subset of traces in the range 620-1261
(blue bar in Figure 2) because the irregularity of the seafloor
allowed us to pick two simple multiples in this range with
confidence. Another range is more suitable for estimating P
velocity of shallow sediments, namely the shots from 1125
to 2629 (Figure 9). Below the seafloor (green line), there
is a clear discontinuity in the seismic stratigraphy (yellow
line), which is slightly dipping and irregular on the left side,
while it is shallower and flatter in the middle and right parts.
The reflectivity of this horizon is strong and can produce a
prominent peg-leg multiple (light blue line) that can be used
for tomographic inversion of traveltimes in addition to the
first simple multiple (dark blue line). We picked also the
direct arrival (red line) to compensate for the variations in
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FIGURE 9 Picked horizons used for the traveltime inversion:
direct arrival (red), seafloor (green), base of shallow sediments
(yellow), first simple multiple (dark blue) and peg-leg multiple (light
blue).

source-receiver offset due to cable feathering and ocean waves
(see, e.g. Linetal., 2019). The latter ones may cause depth dif-
ferences between source and receiver in Boomer surveys that
may be not negligible if the sea is rough.

Figure 10 shows the estimated P velocity (red line) and
thickness (blue line) for the shallow sediments by tomo-
graphic inversion of the events picked in Figure 9. The
sediment velocity is extremely stable, with minor deviations
from a mean value of 1.25 km/s, whereas the layer thickness
is affected by a few spikes and minor instabilities that can
be smoothed with a median filter. However, the estimate is
consistent with the time section in Figure 9, as its shape is
specular to the yellow horizon therein, given a nearly constant
P velocity of the sediment layer. The offset between source
and receiver was estimated by dividing the traveltime of the
direct arrival by the assumed seawater velocity. The offset
so obtained (yellow line) varies much more in percentage;
however, there is no correlation with sediment velocity and
thickness.

Figure 11 provides a clue about the inversion stability, by
depicting the misfit being minimized as a function of layer
velocity and thickness in their tested range. Except for the
spike at the corner with a large thickness (3 m) and low veloc-
ity (1000 m/s), we notice an almost flat valley. This indicates
that the inversion is not well posed, as minor errors in the input
data may end up into much larger errors in the Earth model
estimates (Vesnaver & Baradello, 2022a, 2022c).

DISCUSSION
Result interpretation
The sediment velocity is unexpectedly low and below the

velocity of seawater. A likely explanation is the presence of
gas trapped in the formation. Carcione and Poletto (2000)
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showed that even a low gas saturation of 1% can reduce the
P velocity of water-based drilling mud from 1.6 to 1.2 km/s.
Helle et al. (2003) analysed the effects of gas saturation on
both velocity and anelastic absorption. Dusart et al. (2022)
jointly inverted seismic and electrical measurements in an
area with gas-bearing shallow sediments, getting P velocities
between 1200 and 1400 m/s. Chen et al. (2023) obtained sim-
ilar results for gas-saturated sands using X-ray and acoustic
tomography. The ideal validation of our results would rely on
seabed sampling and analysis for velocity and gas content, but
this data is not available so far in this area.

Several areas populated by fluid plumes have been reported
throughout the Gulf of Trieste (Busetti et al., 2010, 2013,
2020; Conti et al., 2002; Geletti et al., 2008; Gordini et
al., 2012; Hovland & Curzi, 1989), and so we tested this
hypothesis further. First, a velocity drop from seawater to sed-
iments should produce a reflection with opposite polarity with
respect to deeper consolidated sediments. Zooming in on the
first few traces from Figure 7, we can clearly see such polarity
reversal (Figure 12).

This polarity reversal is not present in the initial part of the
profile (Figure 2, shot 1-700) that is not suitable for the tomo-
graphic inversion. In a central part (shot 700-1200), the layers
between 20 and 30 ms are bent and fractured, and some faded
possible gas chimneys show up. From these conduits, some
gas can migrate in the shallower formation on the right side,
infiltrating the unconsolidated sediments and being released
slowly in the seawater. A continuous gas flow from the deeper
sediments may end up into a dynamic equilibrium of the fluid
system. Cevatoglu et al. (2015) showed that a similar phe-
nomenon occurs in a controlled CO, injection experiment:
a minor, faint gas chimney may occur in the proximity of
the injection point, but the area affected by measurable seis-
mic anomalies (as signal amplitude and anelastic absorption)
is wide, due to a significant lateral migration of fluids. In
Figure 2, some fault is visible while minor fractures cannot
be imaged, but the tectonic compression of deeper layers is
very clear in the central part. We notice a bright spot at about
25 ms on the right side, which can be a formation where the
gas accumulates and is slowly released upwards towards the
sea floor. This formation seems fractured, because its signal is
wavy, while the overlying sea floor is very smooth. We notice
finally that the signal strength is consistent with the velocity
contrast between the two media, which is about 14%.

Our hypothesis is further supported when we consider the
instantaneous frequency of these data, that is the derivative of
the instantaneous phase (Taner et al., 1979; Vesnaver, 2017).
It is proportional to the barycentre of the instantaneous spec-
trum (Ackroyd, 1970; Saha, 1987), and therefore its shift to
lower frequencies can be used as a function of propagation
time to estimate the anelastic absorption of the penetrated
medium (Lin et al., 2018, 2022). This algorithm is applicable
to both Boomer and non-enveloped Chirp data. In Figure 13,
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FIGURE 10
peg-leg and the first simple multiple.

FIGURE 11
profile. The green dot is the vertical projection of the minimum misfit

Misfit function for a trace at the centre of the

between measured and modelled traveltimes as a function of trial layer
thickness and velocity.

several plumes are clearly visible in the water layer through-
out the profile at shot points 170, 1420, 1620, 2100 and 2560.
Some of them are barely visible also in Figure 9. They could
be due to the release of gas from the saturated sediments and
from the underlying formations. Other hypotheses seem us
weaker because of the anomalies shape: they involved several
adjacent traces, so implying a lateral extension of a couple of
meters at least, and mostly cover a vertical distance from the
seafloor to the sea surface, occasionally disappearing when
approaching the surface. These features rule out alternatives
as moored buoys and are too weak to be due to rock forma-
tions or wrecks. Further measurements as seawater analysis
and cores of shallow sediments could validate the proposed
gas migration mechanism.

In our Earth model, we approximated the water layer by a
homogeneous medium. Seawater temperature, salinity and P-

VESNAVER AND BARADELLO

Sediment velocity and thickness estimated for the data in Figure 9 using the traveltime joint inversion of the seafloor primary,

FIGURE 12
few traces from Figure 7, highlighting the negative polarity of the

Enlarged detail of the uppermost reflections in a

seafloor reflection.

FIGURE 13
that is after a gapped deconvolution and a compensation for geometrical

Instantaneous frequency of the data in Figure 5a,

spreading and anelastic absorption.

wave velocity may change laterally and vertically, although
these variations are often smooth. Low-frequency distortions
may be so introduced in the estimated inversion parameters
by this Earth simplification. Unfortunately, we cannot handle
too many unknowns in our inversion algorithm because of the
minimal size of the data, that is traveltimes and amplitudes of
a few picked events. Future developments may move towards
the full-waveform inversion: in that case, each trace sam-
ple is bearing information and mathematical constraints, so
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allowing in principle a much higher resolution for both the
water layer and the underlying sediments.

A lithological parameter that cannot be estimated directly
by acoustic marine surveys is the S velocity of the shallow
sediments, and so the shear modulus, which is important for
offshore engineering. Zero- or short-offset mono-channel data
cannot estimate an angle-dependent reflectivity. Another use-
ful parameter, that is resistivity, can be jointly inverted with
seismic data (Dusart et al., 2022).

A clear link between gas-bearing sediments and an increase
of seabed compressibility has been reported by Sills and
Wheeler (1992) and Kim et al. (2014), a decrease of perme-
ability by Sultan et al. (2007) and an increase of resistivity by
Goswami et al. (2016), among others.

Other imaging improvements

A final polish to improve the imaging of the seismic sections
is provided by various classical post-stack algorithms, such
as time-domain migration, FX deconvolution and complex
attributes. Only Boomer data are suitable for wave equation
migration because they relate to a physical signal in the strict
sense. Standard Chirp data are usually the envelope of real
waveforms and as such are always non-negative. For this rea-
son, they do not cancel when summed ‘out of phase’, but
rather sum to a higher or lower cumulative amplitude. Arte-
facts occur primarily at the seafloor where there are bumps.
Nevertheless, this heuristic approach can be an effective tool
for reducing diffractions. Baradello (2014) has shown that
migrating Chirp data before taking their envelope provides
excellent images, and a similar experience is reported by Uge
and Alp (2018). We therefore strongly recommend recording
Chirp data in their original form and calculating their enve-
lope later to facilitate visual interpretation. In our experience,
omitted here for brevity, we have obtained good results using
the phase shift method (Gazdag 1978).

FX deconvolution is not based on the wave equation, but
only on the assumed statistics of the signal: it is therefore
equally applicable to Boomer and Chirp data. Again, the
application does not change the normal appearance of Boomer
data, which contain both positive and negative peaks, but
that of enveloped Chirp data, where only positive peaks are
expected. This detail aside, this algorithm works very well in
most cases. Ideally, it should follow the possible post-stack
migration in the time domain, since the latter reduces spatially
organized noise as diffractions that might otherwise be ampli-
fied by FX deconvolution. For application examples, we refer
the reader to Baradello (2014), Uge and Alp (2018), Denich
et al. (2021) and Vesnaver et al. (2021).
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Chirp versus Boomer data

The main processing steps of the workflow proposed in this
paper apply equally to Boomer and enveloped Chirp data:
spherical divergence correction, inversion of amplitudes and
traveltime of multiples to estimate lithology, gapped deconvo-
lution or multiple subtraction to attenuate multiples and FX
deconvolution to reduce random noise. Other tasks are suit-
able only for ‘physical data’, that is the not-enveloped Chirp
or Boomer records: partial compensation of average anelastic
absorption, wave equation migration and estimation of the O
factor based on instantaneous frequency. Pinson et al. (2008)
showed that the combined analysis of Chirp and Boomer data
along the same profile achieves superior results because of the
wider frequency band so obtained.

The traditional decision to record only the envelope of
the Chirp signal, rather than its full waveform, is due to the
otherwise difficult visual interpretation of this signal. The
reason for this is the very limited bandwidth of Chirp record-
ings, which must be measured in octaves. Some recent system
covers a frequency range between 1000 and 10,000 Hz, a
little more than three octaves. Boomers’ range covers 700-
2000 Hz, nearly three octaves. Recently, commercial systems
have been proposed that merge the two systems and cover
a total range of 700-10,000 Hz (or even more), that is four
octaves (de Oliveira Santos & Landim Dominguez 2019).
Heavier sources, such as air guns or marine vibroseis, provide
a much wider effective bandwidth, ranging from 4 to 128 Hz
(and nominally even more), that is five octaves (and more). Of
course, the resolution, penetration and cost of these systems
are very different, but it is probably the deployment logis-
tics that matter most. For offshore engineering purposes, we
believe that merging Boomer and Chirp surveys is a promis-
ing prospect that needs further developments (see also Denich
et al., 2021; Pinson et al., 2008). Mao and Stewart (2017)
compared the different features of Boomer and Chirp surveys
along the same profile, highlighting their complementarity.

Sensitivity analysis

Mono-channel surveys are inherently weak with respect to
noise or measurement errors, as they cannot rely on the sta-
bilizing effect of averaging multiple sensors (see Bakulin et
al., 2022, among others). Some partial sensitivity analysis has
been carried out by Vesnaver and Baradello (2022a, 2022b,
2022c), which is summarized below, having in mind that more
comprehensive studies are needed.

For the traveltime inversion, errors occur in the waveform
picking due to both misinterpretations and interfering events.
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If misspeaks and interferences are sparse, a median filtering
along the profile enhances a lot the estimated Earth model
(Vesnaver & Baradello, 2022a, 2022c). Random errors up
to 0.1% of the traveltimes only introduce 30% errors in the
estimated sediment velocity for a short offset of 2.5 m but
decreases to 13% for an offset of 10 m. When the error exceeds
1%, instead, the instability is booming. As in our experimental
test the traveltimes range from 10 to 30 ms, 0.1% errors corre-
spond to about 20 us, which approximate a standard sampling
rate.

A critical parameter for Boomer surveys is the offset. When
it is small (e.g. 2.5 m), errors of 1% due to cable feathering,
sea waves or tension variations produce errors up to 2.6% in
the estimated velocity and 2.8% in the thickness of the shal-
low sediments (Vesnaver & Baradello, 2022a). The sensitivity
decreases when extending the offset to 10 m: thus, long offsets
are recommended for the Boomer surveys.

Very challenging is the trade-off between the thickness
and velocity of the shallow sediments, especially for Chirp
data where we cannot count on the offset extension. In our
approach, the joint traveltime inversion of primaries and var-
ious multiples provides a data redundancy with respect to the
parameter number in the Earth model, making it overdeter-
mined. In this way, an error in one input value may be partially
averaged out by the inversion algorithm itself. This ambigu-
ity may be reduced by introducing mathematical constraints,
as linking the tomographic inversion to the Dix formula as
a stabilizing reference and a lateral median filtering of the
estimated parameters (Vesnaver & Baradello, 2022c).

The tomographic inversion is sensitive to the seawater
velocity. Measuring it directly in the field, along the whole
profile, would be a relevant technological implementation, as
it would improve the estimation accuracy and stability of the
other Earth model parameters.

CONCLUSIONS

The processing of mono-channel Chirp or Boomer data
presents major challenges in determining shallow seafloor
lithologic parameters, such as P velocity, density and even
anelastic absorption. We have shown that by picking and
inverting multiple reflections, we can partially compensate for
the information redundancy provided by different offsets in
multichannel surveys. The amplitude trend of multiple reflec-
tions allows us to estimate the reflectivity of the seafloor
and, based on traveltimes, the P velocity and thickness of the
shallowest layer. This information is important for offshore
engineers in the construction of piers and subsea pipelines,
and for marine geologists in environmental studies.

The algorithms presented provide estimates that are quite
stable in terms of trends but may be locally unstable.
We, therefore, do not claim that they are bulletproof tools,
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but rather cost-effective alternatives for obtaining semi-
quantitative estimates of shallow lithology that are preferable
to extensive geotechnical drilling. The proposed workflow
aims at a data-driven approach to reduce the processing costs
and personal bias by physical criteria as much as possible.
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