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ABSTRACT

Although seismic sources typically consist of identical broadband units alone, no
physical constraint dictates the use of only one kind of device. We propose an acqui-
sition method that involves the simultaneous exploitation of multiple types of sources
during seismic surveys. It is suggested to replace (or support) traditional broadband
sources with several devices individually transmitting diverse and reduced frequency
bands and covering together the entire temporal and spatial bandwidth of interest.
Together, these devices represent a so-called dispersed source array.

As a consequence, the use of simpler sources becomes a practical proposition for
seismic acquisition. In fact, the devices dedicated to the generation of the higher fre-
quencies may be smaller and less powerful than the conventional sources, providing
the acquisition system with increased operational flexibility and decreasing its envi-
ronmental impact. Offshore, we can think of more manageable boats carrying air
guns of different volumes or marine vibrators generating sweeps with different fre-
quency ranges. On land, vibrator trucks of different sizes, specifically designed for the
emission of particular frequency bands, are preferred. From a manufacturing point of
view, such source units guarantee a more efficient acoustic energy transmission than
today’s complex broadband alternatives, relaxing the low- versus high-frequency
compromise. Furthermore, specific attention can be addressed to choose shot den-
sities that are optimum for different devices according to their emitted bandwidth.
In fact, since the sampling requirements depend on the maximum transmitted fre-
quencies, the appropriate number of sources dedicated to the lower frequencies is
relatively small, provided the signal-to-noise ratio requirements are met. Addition-
ally, the method allows to rethink the way to address the ghost problem in marine
seismic acquisition, permitting to tow different sources at different depths based on
the devices’ individual central frequencies. As a consequence, the destructive interfer-
ence of the ghost notches, including the one at 0 Hz, is largely mitigated. Furthermore,
blended acquisition (also known as simultaneous source acquisition) is part of the
dispersed source array concept, improving the operational flexibility, cost efficiency,
and signal-to-noise ratio.

Based on theoretical considerations and numerical data examples, the advantages
of this approach and its feasibility are demonstrated.
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INTRODUCTION

In exploration seismology, it is widely accepted that the
contribution of both high and low frequencies is of funda-
mental importance for high-quality seismic imaging. High
frequencies provide sharper wavelets resulting in an improved
vertical resolution. Low frequencies can drastically reduce the
amplitude of wavelet side lobes and therefore the potential
interference among neighboring seismic events. They also
translate in better signal penetration, suffering less from scat-
tering and attenuation. Furthermore, they play a crucial role
in seismic inversion for velocity and impedance models. An
interesting and detailed overview on the importance of broad-
band data acquisition and processing, with specific focus on
low frequencies, is presented by ten Kroode et al. (2013).

In particular, the most commonly used seismic sources,
both on land (vibroseis, dynamite) and offshore (air guns),
produce relatively little low-frequency energy. The conven-
tional methodology to acquire satisfactory data in the whole
bandwidth of interest consists of producing more energy at
all frequencies utilising broadband sources. From a practical
point of view, a significant effort is required to profitably man-
ufacture and operate such sources, and it is often unavoidable
to accept a trade-off between desired bandwidth and system
engineering efficiency.

Following the guidelines drawn by Berkhout (2012), we
propose to employ more than one type of source during the
same seismic survey, together representing a dispersed source
array (DSA). Each source unit involved in the acquisition
might be dedicated to a particular frequency bandwidth with-
out the need to satisfy the seismic wideband requirement, thus
avoiding the abovementioned trade-off. As a whole, the en-
semble of sources incorporated in the array is designed to
cover the entire temporal and spatial bandwidth of interest.

The employment of low-frequency sources in seismic ac-
quisition has also been proposed by Reust et al. (2015) and
Dellinger et al. (2016), mainly as a supplement to conven-
tional broadband acquisition. On the other hand, an inter-
esting first experiment of DSA land data acquisition and in-
version (designed for Full Waveform Inversion application)
has been carried out and presented by Tsingas, Kim and Yoo
(2016), utilising standard vibrators.

The DSA concept could enhance the operational flex-
ibility of the system, since for the higher frequencies, we
could think of utilising much smaller devices. Such devices
are allowed to be less powerful, emitting only the required
amount of energy, provided the signal-to-noise requirements
are met. This characteristic would also make them more
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suitable to comply with strict regulations that apply in
marine environment. Additionally, dedicated source inter-
vals and source depths can be adopted for each type of
device with beneficial implications. In the following sec-
tions, these benefits are studied in detail. A brief theoreti-
cal illustration of the DSA concept and a numerical exam-
ple of 3D blended DSA data migration are also provided.

BENEFITS OF DISPERSED SOURCE ARRAY
ACQUISITIONS

To illustrate the concept, we utilised four different source unit
types: ultralow- (from 2 to 6 Hz), low- (from 5 to 15 Hz),
mid- (from 10 to 30 Hz), and high-frequency sources (from
20 to 60 Hz). Note that each source type spans a frequency
bandwidth corresponding to the same number of octaves. In
such situation, given bandwidths are partially overlapping for
a relatively small range of frequencies. This characteristic will
simplify the treatment of the data for both deblending (i.e.,
source separation) and direct processing. In Fig. 1, the am-
plitude spectra of aforementioned sources are shown (top).
Corresponding examples of acoustic energy propagation in
a homogeneous medium, together with the relative source
wavelets, are presented (bottom). It is worth observing that
the spectral characteristics of the proposed sources are de-
signed to guarantee flat amplitude conditions in the whole
frequency band of interest. Nevertheless, as long as the signal-
to-noise ratio is acceptable, this is not essential.

In the following paragraphs, a description of the main
benefits of DSA acquisition systems is provided. For simplic-
ity, they have been divided in four different categories and
discussed separately.

Sampling issues

It is well known that alias-free spatial sampling (both on the
source and on the receiver side) is achieved when the maxi-
mum wave numbers of interest are properly sampled (Niland
1989). This means that the spatial sampling Ax is required to
satisfy the following inequality:

¢

‘min , ( 1 )

Ax < -
2 fax SIN G,

max
where c,,;, is the minimum propagation velocity, whereas f,,..
and 6,

of the signal we aim to record, respectively. In other words,

nax are the maximum frequency and the maximum angle
the sampling interval should be smaller than a half-period of
the minimum horizontal wave length, in order to allow an

accurate reconstruction of the wavefields.
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Figure 1 Amplitude spectra corresponding to chosen source units (top). Examples of DSA acoustic energy propagation in a homogeneous

medium and corresponding source wavelets (bottom).

Within DSA acquisition systems, each different source undersampling on the higher frequency side. In fact, the

type has therefore specific sampling requirements. In par- required number of source units (and shots) producing the
ticular, DSA acquisition systems could give us the chance lower significant frequencies is relatively small, provided that
to avoid oversampling on the lower frequency side and the signal-to-noise ratio is acceptable. Note that, regarding the
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low and ultralow frequencies, current acquisition geometries
are excellent or even too dense, as far as spatial sampling is

concerned.

Technical advantages

From a technical point of view, we believe that DSA acquisi-
tion has the potential to relax the low- versus high-frequency
compromise. Addressing specific attention to the manufac-
ture of different source units might in fact drastically improve
their signal emission properties and simplify their design and
production. Modern multiple-driver loudspeaker systems are
based on the same key concept, and their improved perfor-
mances are demonstrated and widely accepted (see, e.g., Davis
and Patronis 2006). Furthermore, except for the very low fre-
quencies of seismic interest, the conventional sources are sig-
nificantly bigger and louder than required (Laws, Kragh and
Morgan 2008; Kragh ez al. 2012). The same applies to modern
loudspeaker systems: the drivers dedicated to the reproduction
of the high audible frequencies (tweeters) are considerably
smaller than the drivers dedicated to the reproduction of the
low frequencies (woofers).

Besides, the recent advances in unmanned systems
technology and the improved operational flexibility enabled
by the smaller dimensions of most DSA devices may be
beneficial to data acquisition efficiency. With DSAs, the
use of relatively simple autonomous devices becomes a
practical proposition for seismic surveys. In a marine envi-
ronment, we might consider utilising several autonomous
source boats at the same time. On land, a combination
of autonomous vibroseis trucks of varied dimensions and
designs is suggested. An introductory overview on this propo-
sition is presented by Caporal, Blacquiére and Davydenko
(2016).

Ghost matching

In the marine environment, seismic sources such as air gun
arrays are towed at some depth z, below the water surface.
Consequently, the source wavefield travels not only down-
wards but also upwards towards the air-water interface. Such
interface can be considered a virtually perfect reflector with
a reflection coefficient very close to —1. Thus, a secondary
source is scattered back and travels downwards, delayed in
time, and reversed in polarity with respect to the primary. By
optical analogy, aforementioned secondary source is referred
to as source ghost and can be considered as a particular form
of natural blending. For a more exhaustive explanation of the
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ghost problem, the reader is referred to Parkes and Hatton
(1986). Hereafter, we will refer to the total transmitted
signal as a composite wavefield (sum of the primary and

the source ghost). The time delay between the two different
2z cos®

acoustic wavefields is equal to , where @ is the angle
of incidence at the water surface and ¢, is the velocity of
sound in the water layer. Clearly, if 2nz,cos® is equal to
half a wavelength (with 7 € Z), the primary and source ghost
wavefields will add constructively. On the other hand, if
2nz,cos® is equal to a full wavelength, the primary and source
ghost wavefields will add destructively, requiring the use of
dedicated techniques to recover lost information. Note that,
in case of rough weather conditions, additional precautions
need to be taken during the processing or inversion steps
in order to properly address the ghost problem. In fact, the
assumption of a virtually perfect reflection from the sea
surface would not hold anymore. Considerable research has
been and is currently conducted on this topic (e.g., Laws and
Kragh 2002; Amundsen et al. 2005; Orji, Sollner and Gelius
2012).

For what concerns DSAs, extra benefits arise if we look
at the ghost issue. To reduce the effect of the source ghost, we

can place each source type at the optimum depth below the

@n+1)h,
%

frequency wavelength A_ (or at any half wavelength starting

water surface, i.e., at z, = , one quarter of its central

from that value). We will call this procedure ghost matching.
This effect is illustrated in Figs. 2 and 3. A 2D comparison
between the composite wavefields generated by devices towed
at shallow, optimum, and deep levels below the water surface
is shown (in the f — k, domain) for each source type including
an ideal full-band unit (Fig. 2). Here, with full band, we refer
to the entire bandwidth under consideration. The wavefield
given by the sum of contributions of all DSA sources is also
presented (Fig. 3). Clearly, in the case of shallow tow depths,
the signal is greatly attenuated. When sources are towed too
deep, undesired ghost notches appear in the spectrum. The
DSA concept allows us to reduce both complications: ghost
destructive interference and notches are largely avoided, and
low frequency attenuation due to a too shallow tow depth can
be prevented. As a result, the ghost wavefield will enhance the
signal instead of compromising it, requiring simpler or no
deghosting algorithms to be deployed. The overall result is
definitely improved also with respect to the composite wave-
field generated by the full-band device towed at its optimum
depth. We could see this proposal as an optimised extension
of the multilevel source arrays concept already widely devel-
oped and tested in the oil industry (see, for an overview, Shen
etal. 2014).

© 2017 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 942-953
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Shallow source depth Optimum source depth Deep source depth

2—-6 Hz

-0.1 kg (m™1) 0.1 -0.1 kz(m~1) 0.1 -0.1 kz(m~1) 0.1

5—15 Hz

-0.3 kg (m™1) 0.3 -0.3 kg (m™1) 0.3 -0.3 kg (m™1) 0.3

f(Hz)
10-30 Hz

40

-0.3 kg (m™1) 0.3 0.3 kg (m™1) 0.3 -0.3 kg (m™1) 0.3

20-60 Hz

-0.5 kg (m™1) 0.5 -0.5 ky(m™1) 0.5 -0.5 ky(m™1) 0.

(S}

2—-60 Hz

-0.5 kg (m™1) 0.5 -0.5 kg (m™1) 0.

-0.5 ky(m™1) 0.5

ot

Figure 2 Comparison, in the f — k, domain, between the composite wavefields generated by devices towed at shallow, optimum, and deep
levels below the water surface for each source type including an ideal full-band unit.
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sources, optimum depth

-0.5 ke(m™1) 0.5

Figure 3 Comparison, in the f — k, domain, between the composite wavefields generated by an ideal full-band unit towed at optimum depth

and the the wavefield given by the sum of the contributions of all DSA sources at optimum depths.

Marine environmental issues

In the last few decades, the increasing awareness and con-
cern towards anthropologically driven environmental changes
have significantly affected the way marine seismic surveys are
designed. Despite that important aspects of underwater bioa-
coustics remain unresolved, a growing number of studies have
been conducted on the impact of anthropogenic noise on ma-
rine fauna (see, for an overview, Nowacek et al. 2007; Laiolo
2010; Erbe et al. 2016; Kunc, McLaughlin and Schmidt 2016;
Shannon et al. 2016). Here, with anthropogenic noise, we
refer to all sound produced by human activities, including
seismic surveys. In particular, most common undesired and
potentially negative responses to acoustic emissions due to
seismic sources include acoustic masking (Tanner 1958) and
seemingly temporary changes in behaviour of marine species.
Considering the complexity of ecosystem processes, the un-
derstanding of how immediate individual responses translate
in large-scale and long-term ecological effects is currently limi-
ted. Nevertheless, the research carried on thus far has led to a
considerable tightening of the regulations on aquatic life pro-
tection (European Union 2008; MSFD 2014; NOAA 2016).
De facto, the critical parameter to take into consideration
while planning a seismic survey is the signal-to-noise ratio.
Here, with noise, we refer to the recorded signal, which is
unrelated to the reflection response of the controlled emitted
sound. It is therefore crucial to acknowledge that there is
no generally suitable set of rules to improve the final result
or to decrease the environmental impact. For instance, it is
recommended to perform seismic source testing during the
preliminary phases of the survey in order to assess the minimal
signal strength for the area under consideration. Geological

and ecological prior information may also be beneficial in
this regard. It has indeed been demonstrated that in several
cases, within the bandwidth of interest, the seismic source
is unnecessarily too loud (Laws et al. 2008; Fontana and
Zickerman 2010). Additionally, conventional impulsive
sources, such as air guns, produce a significant amount of
energy at frequency ranges that are of no benefit to seismic
imaging but could potentially be harmful to aquatic life
(Madsen et al. 2006; Nowacek et al. 2007). Specifically, the
frequency band of seismic interest (<150 Hz) constitutes a
threat to a relatively small subset of marine fauna (Southall
et al. 2007). Note that higher frequencies considerably
contribute to the total emitted energy, which is often the main
parameter taken into consideration by regulators. New types
of air guns have been recently designed in order to decrease
the acoustic output at non-relevant frequencies without com-
promising the pulse shape within the seismic frequency range
(Coste et al. 2014). A greater benefit would result from the
deployment of marine seismic vibrators in place of impulsive
sources. See Duncan et al. (2017) for a realistic modeling
comparison between received sound levels produced by a
marine vibrator array and those from an air gun array under
some typical survey scenarios. In light of these considerations,
we are further motivated to carry our research on DSA
forward given their flexibility in terms of signal frequency

emission.

THEORETICAL FRAMEWORK

In the following, wavefield extrapolation-based modelling and

inversion will be briefly discussed by means of the so-called

© 2017 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 942-953
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WRW model, introduced by Berkhout (1982). Instructions on
how to extend this scheme to the description of blended and
dispersed source array (DSA) acquisition systems are given.
Note that a dataset is considered to be blended when individ-
ual responses from different sources are overlapping in space,
time, and both spatial and temporal frequencies (Berkhout
2008). The domain of reference for the following theoretical
consideration is the space—frequency domain. Expressions are
valid for stationary receiver geometries. In Table 1, a descrip-
tion of the notation is provided. Each matrix and operator
introduced below refer to a single monochromatic component

of the fields.

Theoretical framework: modelling

At each depth level, the total outgoing wavefield can be repre-
sented as the sum of the transmitted incoming wavefield in the
same propagation direction and the wavefield reflected from
the opposite direction (see Fig. 4), as follows:

Table 1 Overview of used notations

Q*(z,) = T*(z,)P"(z,) + R"(z,,)P " (z,,), (2)
Q (z,) =T (2,)P (z,) + R"(2,)P"(z,,), (3)
where

T*(z,) =1+ 6T%(z,,). (4)

From the above, it follows that

Q" () = P¥(z,,) + 0T (2,,)P* (2,,) + R"(2,,)P" (z,,). (5)

Q (2,,) = P (z,,) + 8T (2,,)P™ (2,,) + R7(2,)P"(3,,). (6)

Note that the last two additional terms on the right of both
equations account for the scattering effects and can be con-

sidered as secondary sources 8§S*(z,,; Berkhout 2014a), as

follows:
88" (z,,) = 8T" (2, )P" (z,) + R™(2,)P (z,,), (7)
88 (z,,) = 8T (z,)P (z,) + R"(2,)P*(z,). (8)

If we now assume small shear contrast at the interface (i.e.,

we neglect wave conversion), we have the following:

RY(z,) = -R"(z,); R"(z,)=08T"(z,); R"(z,) =0T (z,)
9)

Thus,

887 (z,,) = 8S*(z,,) = 8S(z,,)- (10)

We can, therefore, rewrite equations 5 and 6 as follows:

Q' (z,,) =P"(z,) + 85(z,). (11)

Notation Description

2 denotes the mth depth level. Index increases with depth.

$(z,,) is the source wavefield at depth level z,,. Key amplitude and phase information about the spectral properties of the different DSA
sources is therefore enclosed here. Each column represents one source (or source array). Each row corresponds to a different
spatial coordinate.

P(z,,) is the incoming wavefield at depth z,,. In other words, it is the pressure wavefield registered at the given depth level.

Q(z,,) is the outgoing wavefield at depth z,,. In other words, it is the pressure wavefield leaving the given depth level.

R(z,,) is the reflectivity operator describing the scattering occurring at depth z,,. Namely, it specifies how the incident wavefield is
converted into the reflected wavefield.

T(z,,) is the full transmission operator at depth z,,. It can be represented as the sum of a unity matrix I and an additional term §T.

8T(z,,) is the differential transmission operator at depth z,,,.

W(z, z,) is the one-way propagation operator. Each column contains a discretised Rayleigh II operator (Berkhout 1982), being the vertical
derivative of a Green’s function and describing the wave propagation between depth levels z, and z;.

T denote the wavefield direction (downgoing +, upgoing -).

*U, N denote the direction towards which the wavefield is reflected (down N, up U).

s« denotes the conjugate transpose of a matrix.

© 2017 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 942-953



Q (z,) =P (z,) + 85(z,,). (12)

After propagation, the total outgoing wavefields become in-
coming wavefields at the neighboring depth levels, as follows:

P+(Zm) = WJr(zm’ szl)QJr(szl)v (13)

P7(z,) = W7 (2, 2,41)Q ™ (Z11)- (14)

This leads us to the following:

P (z,) = W'(z,, 2)S" (z0) + Y W(z,.2,)88(z,). (15)
n>0
P~ (2) = Y W (2, 2,)85(z,). (16)
n>0

Note that all sources and receivers are assumed to be at depth
level z,.

By utilising this scheme, the wavefield resulting from
several round trips (from the surface to an arbitrary depth
level z, and back) includes primary reflections, internal
multiples, and also transmission effects. Physically, the
surface multiples can also be included, if the total upgoing
wavefield at the surface is reinjected, after multiplication with
the free surface reflectivity as an additional downgoing wave-
field. Thus, each further round trip can be described as an
increment of the scattering order of the wavefield. Using this
modelling approach, the so-called full wavefield modelling
(FWMod, see Berkhout 2014a), we can therefore effectively
add to the modelled data as many orders of multiples as
necessary.

Theoretical framework: inversion

The so-called full wave migration algorithm (see Berkhout
2014b; Davydenko and Verschuur 2017) aims at minimising,
by iteratively updating the reflectivities, the difference between
the observed data and the data modelled with the aforemen-
tioned FWMod method. A schematic representation of the
inversion loop is presented in Fig. 5. The objective function
can be described as follows:

J=Js+ fR), (17)

where the term f (R) is a penalty function chosen based on an
arbitrary constraining function. The term ], is a misfit norm

function of the following form:

Js = Y |aPR)|; = Y Tr(aP(z)AP"(z). (18)

Broadband imaging via direct inversion 949

where AP(z,) is the residual, i.e., the difference between the

observed data P,,(z,) and the modelled data P, _,(z,), as
follows:
AP(z) Poy(z0) = P, 4(20)- (19)

According to Petersen and Pedersen (2012), the following
derivative property holds while dealing with the derivative
of matrix traces:

aiXTr[(AXB + C)(AXB + C)"'] = 2A"(AXB + C)B".  (20)

In our case,

AXB + C = AP(z,); (21)
A=-— ZW_(ZO, 2,); (22)
n>0
X =R"(z,); (23)
B=P' (z); (24)
C =P, (20) = > W (20, 2,)8T (3,)P,, ,;(z,)- (25)
n>0

This leads to the following;:

3]
IR"(z,)

H

= —2[W~ (29, 2,)]"[AP(z0)] [P}, ,(2,)] (26)

Thus, the total gradient driving the update of the reflectivities
at each iteration of the algorithm is as follows:

]
dRY(z,)

3f(R"(z,))
oR"(z,)

(27)

~ [W (2, 2,)]"[AP(z0)] [P ,(2,)] " +

mod

Within this framework, it is possible to introduce the con-
cept of blending by defining the so-called blending matrix T,
(Berkhout 2008). The observed and modelled data will be
updated as follows:

Pobs(zo) — Pobs,bl(zo); (28)

P (z0) — P (2T

P i n(Z0)- (29)

All information about the combination of the different sources
of the array to be employed during the DSA blended exper-
iments is encoded in T'j;. Each row of I';; corresponds to a
different source. Each column refers to a different blended
shot record. In case of simple time delays between different
shots, the elements of T';; are given by y,, = e /“%t, where 1,
determines the time delay relative to the ith source for the kth

blended experiment, and w refers to the angular frequency.

© 2017 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 942-953
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Figure 5 Closed loop for full wavefield migration.

The aforementioned adjustments will lead to a new misfit
norm function of the following form:

Jaw = APz, = D Tr(AP,(z0)APL(z)).
(30)

where AP(z,) is the residual, i.e., the difference between the
observed blended data P, ,(zy) and the modelled blended
data P, (z), as follows:

APy(zg) = Py pilz0) = P04 1(20)- (31)

Note that no deblending (source separation) is involved in this

scheme. It follows that

AXB 4 C = AP(2)); (32)
A= —ZW_(zo,zn); (33)
n>0
X =R"(z,); (34)
B =P} (2,)T; (35)
C =P, 1z0) = Y W (20, 2,)8T(2,)P,, ,(2,) . (36)
n>0

This leads to the following:

0] i

H
aRY(z,,) (zn)] -(37)

= —2[W (20, 2,)]"[ AP (z)I[T 1" [P

mod

From a physical point of view, we can see the gradient as
featured by the following three consecutive steps (see Fig. 6):
(i) Decoding (i.e., pseudo-deblending; see Berkhout 2008) of
the residual wavefield;

(ii) Back-propagation of the pseudo-deblended residual;

Reflectivity @

}

o

1

. Forward I
modelling 1

/

(i) Cross-correlation of the back-propagated, pseudo-
deblended residual wavefield with the forward modelled
downgoing wavefield.

NUMERICAL EXAMPLE

In this section, we will demonstrate the feasibility of the dis-
persed source array (DSA) acquisition method with a 3D nu-
merical example of marine seismic data migration.

The numerical example is based on the 3D SEG EAGE
salt model (Aminzadeh et al. 1994). The velocity model used
as reference is shown in Fig. 7a, whereas the density model
is considered to be homogeneous. Note that the three visible
sections of the velocity model shown in Fig. 7a portray three
orthogonal slices from inside the model. The horizontal slice
(top-left) is located at z = 750 m. The slice on the bottom-right
is located at x = 1000 m, and the slice on the bottom-left cor-
ner is located at y = 1000 m. The model is 2000-m wide along
both horizontal directions and 1000 m deep.

The types of DSA sources involved in the acquisition are
the ones introduced in the previous sections (see Fig. 1). The
source boats sail following straight lines parallel to both hor-
izontal axes. The crossline spacing between neighboring lines
is constant and equal to 100 m for the ultralow-frequency
sources and 50 m for all other sources. Along the inline di-
rection, the shot interval is irregular in order to distribute the
blending noise more uniformly (between 10 m and 20 m for
the high-frequency units, between 20 m and 30 m for the mid-
frequency units, between 30 m and 70 m for the low-frequency
units, and between 50 m and 100 m for the ultralow-frequency
units). The sources were fired simultaneously, with a max-
imum blending fold of four. A number of eight boats were
deployed simultaneously for every source type except for the
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Figure 6 Steps for the gradient computation.
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Figure 7 Reference velocity model (a) and schematic illustration of the
acquisition geometry (b). Note that the green triangles depict a total of
5 floating nodes evenly spaced along a circumference of 250-m radius
around the centre of the area. Each node is positioned at a depth of
250 m below the water surface. The colored dots represent shot lo-
cations along straight lines parallel to both horizontal axes. Different
colors represent different DSA source types.

ultralow-frequency sources, where four boats were instead de-
ployed. Each source type has been placed at its optimum depth
below the water surface, i.e., at g, = A./4.

On the receiver side, a total of 5 floating nodes evenly
spaced along a circumference of 250-m radius around the
centre of the area is chosen. Each node is positioned at a
depth of 250 m below the water surface and 50 m above the
ocean bottom. In Fig. 7b, an illustrative representation of the
acquisition geometry is shown.

The receivers are recording continuously, and the result
of this blended experiment is one single superirace per node.
The data inversion is performed without preliminary deblend-
ing. All internal multiples were utilised and not removed in
the inversion process. Figure 8 depicts an example of the con-
tinuous signals recorded by the nodes (supertraces).

The results of 3D full wave migration algorithm after 1
and 20 iterations of the algorithm are presented in Fig. 9. The
same slices for the velocity model are portrayed. With these
acquisition settings, we do not expect to properly image the
whole model, especially in the larger offsets, but we can see
that at the final iteration, the crosstalk and the blending noise
are well suppressed.

CONCLUDING REMARKS

Particularly in the last few decades, broadband seismic acqui-
sition has become an increasingly important topic due to its
critical importance for high-resolution seismic imaging. Nev-
ertheless, acoustic sources deployed during field surveys are
historically chosen to be equal, and as a consequence, it is
often inevitable to accept a compromise between wave trans-
mission properties and system engineering complexity. Usu-
ally, it is necessary to settle for source sampling intervals and
source depths (in marine) that are optimal only for a limited
frequency range of the emitted signal.

Replacing the traditional broadband source with multiple
devices transmitting a reduced and diversified frequency band
offers a wide range of practical advantages, whereas no phys-

ical constraint prevents us from employing diverse sources
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Figure 8 Continuous signals recorded by the nodes (supertraces).

with different spectral properties during seismic surveys. The
whole ensemble of sources will be referred to as dispersed
source array (DSA).

These sources can be technically simpler to produce and
more effective from an energy transmission point of view.
Their utilisation will allow shot densities to be chosen in a
frequency-dependent manner. Lower frequency source units
can be distributed more sparsely, provided that the signal-
to-noise ratio is adequate. Smaller and less powerful source
units may be adopted densely for the production of the higher
frequencies, reducing the complexity and increasing the op-
erational flexibility of the system, as well as mitigating its
environmental impact. Furthermore, in marine surveys, the
concept offers the possibility to tow the devices at depths that
are optimum for their specific frequency range, giving extra
benefits if we look at the source ghost issue. The destructive
interference due to the ghost notches and the low-frequency
attenuation due to shallow tow depths are largely avoided.

Interesting and encouraging migration results from
3D blended DSA data have been produced with no
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Figure 9 Three-dimensional images after 1 full wavefield migration
iteration (a) and after 20 full wavefield migration iterations (b).

deblending (source separation) involved in the inversion
scheme.
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