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Seismic surveys allow estimating lithological parameters, as P-wave velocity and anelastic
absorption, which can detect the presence of fracture and fluids in the geological
formations. Recently, a new method has been proposed for high-resolution imaging of
anelastic absorption, which combines a macro-model from seismic tomography with a
micro-model obtained by the pre-stack depth migration of a seismic attribute, i.e., the
instantaneous frequency. As a result, we can get a broadband image that provides clues
about the presence of saturating fluids. When the saturation changes sharply, as for gas
reservoirs with an impermeable caprock, the acoustic impedance contrast produces
“bright spots” because of the resulting high reflectivity at its top. When the fluid content
changes smoothly, the anelastic absorption becomes a good detector, as fluid-filled
formations absorbmore seismic energy than hard rocks. We apply this method for imaging
the anelastic absorption in a regional seismic survey acquired by OGS in the Gulf of Trieste
(northern Adriatic Sea, Italy).
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INTRODUCTION

In the Adriatic Sea, the occurrence of fluids within the sediment and fluid seeps at the sea floor are
well known. Source of these fluids have been identified in the buried several kilometer thick Meso-
Cenozoic carbonate reservoir, with salty water occurrence (Cimolino et al., 2010), and within the
overlying Late Cenozoic terrigenous sedimentary units bearing biogenic gas (e.g., Casero, 2004).
Fluids upward migration from several km deep rocks and feeding local seeps have been documented
in the central and northern Adriatic (Geletti et al., 2008; Busetti et al., 2013; Donda et al., 2019). Fluid
accumulation in the shallow sediments and fluid seeps have been encountered by the high-resolution
seismic, often associated to fluid seeps, in the Adriatic basin (e.g., Hovland and Curzi, 1989; Conti
et al., 2002), including the Gulf of Trieste (e.g., Gordini et al., 2004; Busetti et al., 2020).

Fluid accumulation in the shallow sediments and fluid seeps are expected to be encountered by the
high-resolution seismic profile acquired in the Gulf of Trieste in 2009 by OGS (Figure 1). The aim of
this paper is characterizing some shallow formations by a broadband Q-factor imaging, as a low Q
factor is often associated to rocks saturation and unconsolidated formations. This methodmerges the
macro-model obtained from Q tomography with the micro-model provided by the pre-stack depth
migration of the instantaneous frequency. In this way, also tiny local anomalies might be detected,
pushing the resolution of seismic data up to its physical limits.

Delineating areas where the fracture density is higher provides relevant hints for geodynamic and
geothermal studies. They highlight faulted or stressed formations, whose response to seismic surveys
affects two propagation phenomena: anisotropy and anelastic absorption (see, e.g., Shapiro and
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Hubral 1999; Carcione 2014; Song et al., 2020b, among others).
Anisotropy measurement requires very expensive acquisition
technologies, as full-azimuth 3D surveys, possibly using ocean-
bottom seismometers. Detecting anelastic absorption is more
affordable, although it may be anisotropic itself: 2D surveys
can provide reasonable estimations at cheaper costs.

The anelastic absorption we observe is actually a composite
effect of other causes too, as fluid saturation, pore pressure,
random distribution of inhomogeneities and frequency tuning
by thin layers, in addition to fractures. Thus, it is not a direct
indicator of fluids’ presence, unless there is a borehole calibration
or geological information that may single out one or part of these
possible contributions (Jannsen et al., 1985; Tonn 1991). Trying
to distinguish them is still an open challenge and a subject for
current research (Wu 1985; Best et al., 1994; Hackert and Parra
2003; Helle et al., 2003; Picotti and Carcione 2006; Mulder and
Hak 2009; Cheng and Margrave 2012; Ba et al., 2015; Bai et al.,
2017; Agudo et al., 2018; Song et al., 2020a, among others). In this
paper, we apply a recent method introduced by Lin et al. (2018) to
marine seismic data, producing high-resolution, broadband
images of the anelastic absorption contrasts, and the related Q

factor. These parameters allow characterizing the geological
formations and provide better clues about the fluids’ pathways.

GEOLOGICAL SETTING

The Gulf of Trieste is a shallow marine area located in the north-
easternmost corner of the Adriatic Sea (Figure 1). The geological
setting is characterized by several kilometer-thick carbonate
units, deposited from Permian to Early Cenozoic (Busetti
et al., 2010). During the Cretaceous, the carbonate
sedimentation formed the aggradation of about 1 km thick
Friuli and Dinaric Carbonate Platform, with the shelf margin
located in the western side of the Gulf of Trieste, outcropping
along the eastern coast and at the north-west of the Istria
peninsula. At the same time, in the western basin area, pelagic
carbonate draped the basin floor. The carbonate sedimentation
ended with the compressional phase of the Dinaric mountain
chain, which caused the development of the Dinaric foredeep,
with the eastern tilted carbonate platform. The Dinaric foredeep
was filled by the turbiditic sequence of Eocene, produced by the

FIGURE 1 | Location map of the seismic profile GT09–21 (green line) with shot points (SP) every 100 (black crosses) acquired by OGS in the Gulf of Trieste (Adriatic
Sea). Circles show position of Grado geothermal wells. Bathymetry in depth with cells of 50 m, gridding performed by Zampa (2020) by using grids from Italy and Slovenia
(Trobec et al., 2018) and Croatia (EMODnet Digital Bathymetry, 2018). Onshore geology is represented for Friulian Plain and Italian Karst Plateau (Cucchi et al., 2013),
Slovenian Karst Plateau (Jurkovšek et al., 2016) and Istria (Placer et al., 2010). Digital Elevation Model compiled for Italy (10 m cells; IRDAT-FVG, 2017), Slovenia
(10 m cells; Arso, 2017) and Istria (25 m cells; EU-DEM, 2017). Inset: chains and foreland domains of the region surrounding the Gulf of Trieste. Map compiled by using
ArcGis® software by Esri; datum WGS84, projection UTM33.
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progressive erosion of the rising mountains, outcropping along
the eastern and southern coasts of the gulf (Figure 2). In the same
period, the basin was progressively filled by the Gallare Marls and
topped by the Early Miocene Cavanella Group, composed of
sand, sandstone and marls. These lithologies were shaped by the
main erosional event occurred at the Miocene end, due to the
Messinian Salinity Crisis of the Mediterranean Sea (Busetti et al.,
2010).

In subaerial conditions, the peripheral Mediterranean lands
were deeply incised by canyons several km large and several

hundred of meter deep (Busetti et al., 2010). In the Gulf of Trieste
this event is well imaged in the seismic profiles by a high-
amplitude horizon at the top the Gallare Marls, at the top of
the Cavanella Group, and at the top of the turbidites of the
Dinaric foredeep. The following Early Pliocene marine ingression
reached only the western-most part, providing the filling of the
canyons in the Gallare Marls, leaving in subaerial condition the
eastern-most part. The diachronous erosional surface was
progressively draped eastward by sediments during the
Pleistocene (Busetti et al., 2010).

FIGURE 2 | Time-migrated seismic profile GT09–21: (A) seismo-stratigraphic interpretation (see Figure 1 for location); (B) section of the seismic profile analyzed in
the present work with the picked horizons. Blue lines along the profile indicate evidence of fluids within the sediment, dashed line where the fluids are less evident or
discontinuous, and the blue arrows indicate the location of fluid seeps in the water column.
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The fluids’ bearing by the rocks in the gulf have different
components: brackish and fresh waters, and hydrocarbon, mainly
in the gas phase (Busetti et al., 2013). The Meso-Cenozoic
carbonates are characterized by permeability due to tectonic
fractures and karstification that provide a confined aquifer for
the geothermal reservoir. They are the reservoir of sulfurous-
salty-alkaline waters at low enthalpy (about 40°C), considered to
be trapped sea water of Miocene age (Petrini et al., 2013). These
waters naturally spring on land in the NE coast of the gulf at the
Roman Baths of Monfalcone, exploited since ancient times, and
in eight submarine thermal springs in the southern offshore close
to the Istria coast, with temperature from 22 to 30°C (Žumer,
2004). To exploit their geothermal potential, the Grado-1 and
Grado-2 wells were drilled in 2008 and in 2015, respectively. In
the Grado-1 well, water was found at 42–45°C in fractured
carbonates at depths between 736 and 740 m, and from 1,040
to downhole at 1,108 m depth, while in well bottom at 1,200 m of
Grado-2 well the water has 45°C with salinity more than 30‰
(Della Vedova et al., 2008; Cimolino et al., 2010; Piffer et al.,
2015).

Gas seepings from the sea floor are quite common in the gulf
too. Chemical analyses revealed that gas consists primarily of
methane (81–84%), nitrogen (15–18%) and oxygen (0.7–1.3%).
C14 datation reveals that the methane dates back to Late
Pleistocene age, rising from organic rich layers, as peats
(Gordini et al., 2012). Gas pockets in the shallow Late
Pleistocene deposit as well as plume within the water column
are well imaged by chirp data (Gordini et al., 2004; Gordini et al.,
2012; Busetti et al., 2020). Fluid accumulations in the Late
Pleistocene sediment are evidenced by blanking effects and
high-amplitude reflectors on the top, and fluid plumes in the
water column (Figure 3).

SEISMIC SURVEY PARAMETERS AND
BASIC PROCESSING

The data presented in this paper is part of a set of 13 multi-
channel seismic profiles acquired in the Gulf of Trieste by the R/V
OGS Explora in 2009, for a total length of 281 km. The seismic

source is a linear array of eight sleeve guns, with a total volume of
1180 cubic inch, able to guarantee a proper penetration down to a
few kilometers’ depth through the flysch and limestones hard
formations, which were the original target of the survey.

The data was collected by a 96 channel, 1,200 m long digital
streamer with a receiver distance of 12.5 m that, together with
a shot point interval of 12.5 m, provided a nominal coverage of
48 traces per Common-Mid-Point gather. The offset between
the source and the nearest channel was kept at 25 m, long
enough to prevent the saturation of the recorder, but still
comparable to the depth of the shallowest horizon, that is, the
seafloor. Chirp profiles were collected together with the
seismic data (Figure 3).

A conventional processing sequence (including
deconvolution, short period seafloor multiples removal and
velocity analysis) was initially adopted to produce a stack
section, which was eventually migrated in depth (Figure 4).
The main horizons identified in the migrated section were
used as a reference to assist the picking procedure in the pre-
stack domain. These horizons are indicated in the figure by
arrows: the sea floor, the base of the Pleistocene sediments
and the top of the carbonates.

A minimum-impact processing was applied first, consisting
essentially in quality control, editing and geometry assignment. A
spherical divergence compensation, based on the stacking
velocities used to correct the signals in the CMP domain
(Figure 5), was then applied to the pre-stack raw data, to
preserve as much as possible their spectral characteristics.
Indeed, the pre-processing for Q-factor imaging must not
include procedures that affect heavily the signal spectrum, as
bandpass filtering, Normal Move-Out (NMO) stretching,
Automatic Gain Control (AGC), FX-deconvolution and even
surface-consistent deconvolution. Instead, common editing
(and statics, for land surveys), surface-consistent amplitude
compensation or velocity-based spherical divergence recovery
are fine, having a minimal impact on the frequency content. As
the traveltime picking and waveform analysis are carried out in
the pre-stack domain, we have not problems with the NMO
stretching. After the basic processing just mentioned, the
tomographic inversion of traveltimes provides a velocity model

FIGURE 3 | The chirp profile GT09-C21, located along the initial part of the seismic profile (see the small rectangle in Figure 2B), imaging fluid accumulation in the
Late Pleistocene sediment, evidenced by the blanking effect and by the high amplitude reflectors on the top. Where the fluid migration rises very close to the sea floor,
fluid plumes occur in the water column (blue arrows in the section).
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in depth. This model is used both for the pre-stack depth
migration of the instantaneous frequency and for computing
the Q factor from the anelastic absorption α0 obtained by the
frequency-shift tomography (Quan and Harris, 1997).

Complex Attributes and Anelastic
Absorption
In this section, we summarize the mathematical background
of broadband imaging for anelastic absorption presented
by Vesnaver et al. (2016), Lin et al. (2018), to provide a
critical understanding of its later application to the seismic
profile.

The complex trace c(t), a function of the arrival time t, is
composed of a real part r(t), which is the seismic trace recorded in
the field, and of an imaginary part h(t), which is the Hilbert
transform H{.} of r(t):

c(t) � r(t) + i h(t) � r(t) + iH{r(t)} (1)

Representing c(t) as a complex exponential, we get:

c(t) � e(t) exp[iϕ(t)] (2)

where:

e(t) � [r(t)2 + h(t)2]1/2 � |c(t)| (3)

ϕ(t) � Arg{c(t)} (4)

FIGURE 4 | Pre-stack depth migrated section of the central part of the seismic profile GT09–21 in Figure 2.

FIGURE 5 | Interval velocities (colored background) derived from stacking velocities, which we used for the spherical divergence correction and the stacked time
section (superimposed wiggle plot).
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The names assigned by Taner et al. (1979) to e(t) is envelope, and
to ϕ(t) is instantaneous phase. Dividing the complex trace c(t) by
its envelope, which is a non-negative real function, we get the
normalized complex trace n(t):

n(t) � c(t)/e(t) � exp[iϕ(t)], if : e(t)> 0 and (5)

n(t) � 0, if : e(t) � 0

Taking the time derivative of Eq. 5 and substituting (5)
in the result, Poggiagliolmi and Vesnaver (2014)
obtained a simple expression for the instantaneous frequency
ϕ’(t), which is the time derivative of the instantaneous phase:

ϕ′(t) � −i n*(t) n′(t) (6)

where n*(t) is the complex conjugate of n(t), and n′(t) is its
time derivative. According to Ackroyd (1970), Saha (1987),
the value of the instantaneous frequency at the envelope
extrema te equals the centroid of the related waveform
amplitude spectrum:

ϕ′(te) � ∫ f A(f ) df∫A(f ) df (7)

where f is the frequency and A(f) is the amplitude spectrum of the
waveform surrounding the extremum point te.

This property may be used directly for the Q-factor
tomography, as presented by Vesnaver et al. (2020), Bruno
and Vesnaver (2020). In our paper, however, we exploit it to
compute the high-frequency component of the anelastic
absorption, to complement the low frequency part provided by
reflection tomography. As the latter one is obtained in the depth
domain, the next step is a depth migration of the instantaneous
frequency, getting Φ(x), where x is a point in depth. The final
expression for the high-frequency component of the anelastic
absorption parameter Ahigh(x) is:

Ahigh(x) � F
2
zΦ(x)
zz

(8)

where F is a real constant that depends on the seismic source
spectrum. Eq. 8 defines the attribute displayed later in the
example in Figure 6.

The Hilbert transform is linear, so if the substitute r(t) in (A-1)
with its opposite –r(t), we get:

−r(t) + i H{−r(t)} � −r(t) − i H{r(t)} � −[r(t) + i H{r(t)}]
� −c(t) (9)

This means that reversing the polarity of the real trace r(t), we
reverse also the sign of the related complex trace. One can prove
similarly that the same happens for its complex conjugate
normalized trace n*(t) and the derivative n’(t) in Eq. 6. Thus,
substituting r(t) with - r(t) in Eq. 6, we obtain:

−[−n*(t)] [−n′(t)] � −i n*(t) n′(t) � ϕ′(t) (10)

i.e., the instantaneous frequency does not change when the polarity
of the real trace is reversed. This is not surprising, because the same
happens for the trace envelope or its amplitude spectrum.
However, this invariance with respect to polarity reversals has a
consequence on the anelastic absorption parameter in Eq. 8. As the
derivative is linear, and the pre-stack depth migration preserves the
signal polarity, this invariance applies also to the high-frequency
component defined in that formula.

TOMOGRAPHIC IMAGING

The broadband imaging we adopted is a combination of a low-
resolution macro-model, including very low frequencies, and a
micro-model with higher frequencies. The macro-model is

FIGURE 6 | Depth migrated and derived instantaneous frequency of the line GT09–21, i.e., the high-frequency component of the anelastic absorption coefficient.
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obtained by reflection tomography (see, e.g., Vesnaver et al., 2000;
Rossi et al., 2007, 2011) for delineating the reflecting interfaces
and the P velocity. The traveltime inversion exploits a minimum-
time ray tracing algorithm (Vesnaver, 1996a; Böhm et al., 1999),
able to compute the ray paths of direct, reflected, refracted and
diving arrivals in irregular grids.

The macro-model for anelastic absorption is estimated by
the frequency-shift method by Quan and Harris (1997). The
latter method is based on experimental studies of Ward and
Toksöz (1971), who found that the anelastic absorption Aray(f)
along a given ray path can be expressed as a function of the
frequency f as:

Aray(f ) � exp⎛⎜⎜⎜⎜⎝ − f ∫
ray

α0 dr
⎞⎟⎟⎟⎟⎠ (11)

where α0 is the anelastic absorption parameter that depends on
the lithology of the crossed rocks. In the most general case,
absorption depends on frequency too; however, seismic surveys

cover a quite limited band, as most propagating energy at
significant distances ranges between 8 and 80 Hz, for standard
seismic surveys. Within such a band, assuming α0 to be
frequency-independent is an acceptable approximation, used
in the frequency-shift method that we adopt in this paper.
Based on this assumption, we may write the following
approximate equation, linking the P velocity v(x) and the
anelastic absorption parameter α0(x) to the Q factor Q(x):

Q(x) ≈ π/[v(x)α0(x)] (12)

at any point x in space.
By picking reflected events (and possibly, direct and refracted

arrivals too), we build a depth model for P velocity and the major
layer interfaces, where the acoustic impedance contrast produces
clear seismic signals. Using the waveforms surrounding the
picked events, we compute the centroid of their spectrum and,
comparing it with that one known of the seismic source, we can
reconstruct the anelastic absorption along the ray path of picked
arrivals. The obtained model is composed of a few “thick” layers

FIGURE 7 | Tomographic estimation of the P velocity by the traveltime inversion of reflected arrivals from a few shallow horizons of the profile GT09–21.

FIGURE 8 | Tomographic estimation of the anelastic absorption coefficient α0 by the local waveform analysis of reflected arrivals from a few shallow horizons of the
profile GT09–21. This is the low-frequency component of the anelastic absorption.
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only, so over-simplifying the much more complex actual layering,
but getting information about the low spatial frequencies of the
Earth model that otherwise is limited if using the seismic traces
directly.

Figures 7, 8 show the P velocity and anelastic absorption
coefficient α0, respectively, estimated by inverting the picked
traveltimes and the spectral centroids of the related
waveforms. For both lithological properties, we notice some
lateral variations in the uppermost sedimentary layers, just
below the sea floor, i.e., in the Pleistocene sediment, while the
underlying Eocene-Miocene terrigenous sediment and the Meso-
Cenozoic carbonates is quite homogeneous. The lowest part
presents only guessed values, as deeper reflectors could not be
picked and inverted reliably. In both tomographic images, the
lateral resolution is fair, i.e., about 122 m, as the final number of
cells is 180, obtained by 3 staggering steps of basic grids of 60 cells.
For more details about this algorithm, we send the reader to
Vesnaver and Böhm (2000). Other application examples for
traveltime and Q-factor tomography, using the same algorithm
adopted in this paper, can be found in Vesnaver et al. (2000),
Böhm et al. (2006), Rossi et al. (2007), Rossi et al. (2011), Bruno
and Vesnaver (2020).

Two picked and inverted horizons are displayed in Figures 2,
4: the sea floor and the base of Pleistocene sediment. The third
one, i.e., the top of carbonates, was estimated by the pre-stack
depth migration, because of the lower Signal/Noise ratio along
that horizon. Due to the high fold and fair data quality, the
reliability of our estimates is satisfying, and can be quantified by a
few indicators. Figure 9 displays the estimated reflection points
for the second horizon (the base of Pleistocene sediment). Their
dispersion around the resulting interpolant line (superimposed in
white) is low: the average absolute difference along the whole
profile between estimated and interpolated points is about 5 m.
As the average depth of that horizon is 300 m, the mismatch is
lower than 2%. Another accuracy indicator is the Root Mean
Square (RMS) difference between picked and modeled two-way
traveltimes, which is about 1%, i.e., about 3.3 ms, close to the

sampling rate. A further check is provided by the colors of the
estimated reflection points: red for the far offsets, green for the
near ones.When the two colors overlap, this indicates a flatness of
the corresponding Common-Image gathers; when they do not do
so, a residual velocity update is needed. We notice that almost
everywhere along the interface this overlap is good.

Having a good fit between measured and modeled traveltimes
is a necessary but not sufficient condition to get a unique, reliable
solution, as many other Earth models may fit the experimental
data too. This happens when a null space exists in the system of
linear equations that is the core of the inversion algorithm we
adopted (see, e.g., Van der Sluis and Van der Vorst, 1987). A
measure for this uncertainty is the null space energy (Vesnaver,

FIGURE 9 | Estimated reflection points in depth for the second picked horizon, corresponding to the base of Pleistocene sediment.

FIGURE 10 | The averages of two partially overlapping spectra (A, C) are
evaluated in a common window, rescaled to be similar and clipped at the
window center (B, D) and merged into a single, broader spectrum.
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1994; Vesnaver, 1996b), which is based on the Singular Value
Decomposition (SVD) of the matrix composed of the coefficients
of the linear equations. In our case, we discarded the eigen-
components of the solutions’ space whose eigen-values are lower
than 1% of the maximum eigen-value. The resulting local energy
of the null space is mostly less than 1%: this means that 99% of the
solution depends on the input data only, i.e., is only marginally
affected by the initial mode choice. Such a good stability is due to
the wide extension of cells (366 m) that we chose for the staggered
grid inversion.

In the vertical direction, the resolution of the tomographic
images in Figures 7, 8 is very limited, as the properties are
constant between the reflecting interfaces, and we could pick only
three major reflecting horizons.We need adding new information
that could improve the vertical resolution. Picking further
intermediate and deeper horizons is the ideal way, when the
signal/noise ratio is good and the reflectivity continuous. This is
not our case, so a different fix is required.

BROADBAND IMAGING OF ANELASTIC
ABSORPTION

Obtained a macro-model for P velocity and Q factor from reflection
tomography, we can get the high-frequency contribution by the
instantaneous frequency. This popular seismic attribute, introduced
by Taner et al. (1979), can be efficiently computed without any user-
defined parameter (Poggiagliolmi and Vesnaver 2014; Vesnaver
2017), i.e., by a data-driven procedure. Ackroyd (1970) proved
that the instantaneous frequency is the centroid of the
instantaneous spectrum of a waveform. Saha (1987) and Barnes
(1991) proved that the instantaneous frequency is exactly the
waveform spectral centroid at the maximum (or minimum) of its
envelope. One can prove also that this is not true elsewhere (Carcione,

personal communication); however, we can assume the
instantaneous frequency as a reasonable proxy for the actual
centroid, which is reliable only in the vicinity of the most
energetic part of the seismic signal. With this caveat in mind, we
will use the instantaneous frequency for complementing the low-
frequency part of the anelastic absorption image obtained from
seismic tomography.

The cartoon in Figure 10 explains an ideal approach for
integrating macro- and micro-model. The amplitude spectra of
the two components span different ranges that may partially
overlap, and each of them may have a different average
amplitude. We may choose part of the overlapping area where
the signal energy is significant for both, and compute their
average value in it. Finally, we can compensate for the
amplitude value of the second spectrum by rescaling it with
the inverse ratio obtained in the overlapping area, merging it with
the first spectrum.

The wider the overlapping area, the better may be relative
spectra compensation, because the information from the
experimental data becomes more solid from a statistical point
of view. However, the overlap window should avoid the noisiest
parts of the amplitude spectra, which normally are the high
frequencies for the seismic signal. For the tomographic
contribution, high frequencies should be avoided too, as
mostly due to the Gibbs phenomenon at sharp changes of P
velocity or Q factor in the blocky models we adopted. In the low
frequency part, the limit is dictated mainly by the lowest values
achievable by seismic sources and receivers, which are very rarely
lower than a few Hz. The window choice depends so on the data
quality and the parametrization of the Earth model, but also on
what the interpreter assumes as signal or noise in the seismic data.

Figure 11 shows a block diagram summarizing the broadband
imaging work flow. Its basic steps are:

1. Basic pre-stack processing, calculation of the instantaneous
frequency and traveltime picking.

2. Traveltime inversion of direct, reflected and refracted arrivals
to get a P-velocity macro-model in depth.

3. Frequency-shift tomography, using velocity and ray tracing
from Step 2, getting a corresponding macro-model for the
anelastic absorption parameter α0.

4. Using the tomographic velocities from Step 2, perform a pre-
stack depth migration of the instantaneous frequency from
Step 1 and convert it into a micro-model for the α0 parameter.

5. Combine micro-model from Step 4 and macro-model from
Step 3 into a broadband model, carrying out a relative
normalization by exploiting the possible overlapping
frequency bands.

6. Convert the depth model for α0 into a Q-factor model by using
Eq. 2 and the P velocity obtained at Step 2.

Figure 6 is the high-frequency component of the anelastic
absorption, obtained as the derivative with respect to depth of the
depth-migrated instantaneous frequency, defined by Eq. 8. Blue
colors correspond to low absorption, while the red ones
correspond to high absorption. This attribute provides only
relative variations, so the scale is just qualitative without a

FIGURE 11 | Flow chart for the broadband estimation of anelastic
absorption and Q factor.
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calibration. Since the derivative is boosting the highest
frequencies a lot, where the signal is much weaker than the
noise, we applied a high-cut filter with a cut-off threshold of
300 Hz, as we do not expect reliable signals beyond that limit.
This component highlights well two nearly flat interfaces at a
depth of 120 and 190 m, which are weaker in terms of reflectivity
(Figure 4), but suggest vertical discontinuities of the anelastic
absorption.We note also that the horizons at 120 m depth and the
sea floor are gradually dimming out when moving from left (SW)
to right (NE), so detecting a lateral change of the formations’
properties.

Figure 12 shows the normalized amplitude spectra of the low-
frequency component of anelastic absorption from tomography
and the high-frequency component from the instantaneous
frequency; both are averaged over the whole sections. We
notice that the high-frequency part (blue line) approximates
zero at the zero frequency and is low up to 1 Hz, where it
reaches a plateau. This is due, again, to the derivative in its
definition – (see Eq. 8) – as this process strongly attenuates the
lowest frequencies. That part, however, is where the tomographic
contribution is stronger. The area where the two components
have comparable magnitude is between 4 and 16 Hz, which we
selected to try a balance of the two components.

Figure 13 shows the two components and their combination
in the frequency band defined by an Ormsby filter with corner
frequencies 3,4,16, and 20 Hz. We notice that in the merged
section (bottom), improvements are obtained in the depth range
from 200 to 700 m in terms of signal continuity and sharpness.
Instead, from 0 to 200 m, the part coming from tomography (top)
overwhelms that one from the instantaneous frequency (center).
This apparent unbalance is probably due to different noise
content, which is totally absent in the tomographic
component, and definitely present in the other component.
Thus, the noise reduces the contribution of the signal in the

high-frequency component, underweighting it if a plain energy
balance is adopted to equalize the tomographic and
instantaneous-frequency components. Similar effects show up
whenmerging the full bandwidth of the two components. For this
reason, we adjusted the relative weight by imposing that the
highest frequency peak of the two components is nearly equal,
and that there are no negative values in the resulting broadband
combined absorption estimate. The result is displayed in
Figure 14. The most striking difference is that there are not
“negative” values any more (i.e., red colors), as the ultra-low
frequencies, up to 0 Hz, are now included, provided by the
tomographic contribution. When compared with the image at
the bottom of Figure 13, we notice a better definition of shallow
reflectors between 0 and 150 m, an improved strength and
continuity of the main reflectors picked for tomography,
between 200 and 600 m depth, and a decrease of the random
scattering in the lowest part. The differences are visible, but not
huge: probably, this is due to the extended bandwidth of the
shallow signals provided by the instantaneous frequency, and the
lack of usable reflectors in the deeper part. The useful signal
added by the tomography is so restricted to a frequency band
from 0 to 3 Hz.

Figure 14 was obtained by choosing a real positive number for
the scaling factor to balance the high- and low-frequency
component. This choice is not obvious in general, as a
negative factor could be chosen, in principle: the two
components might be both added or subtracted. This potential
ambiguity is solved by Figure 13, where we notice that, in the
overlapping frequency band, the polarity of the main reflectors is
the same for the two components. Thus, in this particular case, a
positive sign for the scaling factor will properly sum in phase the
signals from the same interface. Furthermore, comparing
Figure 8 and Figure 13 (top), we understand that the blue
color in Figure 13 corresponds to layers with a low
absorption, as the sea water and the top of carbonates, while
the red color characterizes lithologies that may be either fractured
or fluid-saturated, or both, so indicating a higher absorption.

We see in Figure 14 that the shallowest 30 m, composed of
sea water and unconsolidated sediments, is colored in light
blue, corresponding to a low absorption. Between 40 m and
over a gently dipping interface, at 350 m on the left and 210 m
on the right, the absorption is higher, between the shot points
2,900 and 2,300. In the central part (shot points 2,200–1800),
the absorption decreases quite sharply, while it increases again
slightly in the final part, in the NE direction. Below this strong
marker, up to a depth of 600 m on the right and up to the top of
the carbonates on the left, we see areas of weaker and scattered
signals, which have different patterns: more homogeneous on
the left, where the Gallare Marls are located; characterized by
patchy scatterers of increasing size in the center, where
fractured and karstified carbonates are present; and a very
peculiar feature on the right, where there is a slight increase in
the absorption. In the central part we see that the morpho-
structural high, corresponding to the paleo-shelf margin of the
carbonate platform (at 350 m depth, between shot points 2,400
and 2,000) is affected by a severe blanking effect of the left
flank, which is attenuated on the right side, where weak

FIGURE 12 | Normalized amplitude spectra of the high- and low-
frequency components of the estimated anelastic absorption, in bi-
logarithmic scale.
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scattered, high-frequency signals show up. We interpret this
difference as a major footprint of the overlying formations,
which are highly absorbing on the left, and not so much on the
right, or by different sedimentation environment causing
progradational layers at the shelf margin, usually

characterized by poorly sorted material, on the left, from
the stratified inner platform carbonates on the right.

The red arrows on the top of Figure 14 indicate the locations
on the known plume areas, which are located along the profile
(Figure 2). Most of these plumes, located from shot points 2,600

FIGURE 13 |Components of the estimated anelastic absorption from tomography (top) and instantaneous frequency (center) in the frequency band defined by the
Ormsby filter with corner frequencies 3,4,16, and 20 Hz, and their combination (bottom), obtained by normalizing and averaging their amplitude spectra.
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and 2,180 correlate with the imaged anomalies. The two arrows
on the left correspond to highly absorbing sedimentary units,
with a lower P velocity (Figure 7). This may suggest some gas as
saturating fluid. Between shot points 2,000 and 1,600, the velocity
is higher and the absorption lower, which might suggest water or
brine as possible saturating fluids. These hypotheses need further
data collection and analysis.

Converting the anelastic absorption coefficient to the Q factor
involves using Eq. 12. This is immediate when it comes to the
low-frequency component provided by tomography only
(Figure 15). There are lateral variations in the formations just
below the sea floor, up to a depth of 300 m. Between 300 and
600 m, the variations are much lower, except for the central
morpho-structural carbonate high. The deeper part is not actually
inverted, as mentioned above, because of the lack to strong,

continuous reflectors. As for the contributing parameters
(displayed in Figures 7, 8), the vertical resolution is poor,
because of the difficulty in picking additional horizons.
However, a much better result is obtained when using the
broadband anelastic absorption coefficient (Figure 14) instead,
providing food for thought to the interpretation (Figure 16). The
shallowest part (0–380 m) is almost covered by vertical gray bars
on the left up to the shot point 2,200, indicating a low Q factor,
while it is populated by a few reflectors in the remaining part. The
interfaces between the interpreted horizons are a bit sharper.
Remarkable is the signal continuity at 300 m depth, which is
strong from the central horst-like structure to the left, while it is
fainter toward the right side. The difference between these two
parts suggests different petrophysical properties for the
underlying lithologies. This clue is strengthened by the

FIGURE 14 | Broadband anelastic absorption, obtained combining the low-pass filtered tomographic component in Figure 8 with the high-pass filtered from the
instantaneous-frequency component (Figure 6). The small red arrows on top indicate the proximity of known plume areas.

FIGURE 15 |Q factor estimation obtained by P velocity in Figure 7 and the anelastic absorption coefficient in Figure 8. This result is the low-frequency component,
based on tomography only.
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different seismic stratigraphy of the two lithologies: on the left,
composed of scattered signals with medium frequencies; on the
right, characterized by a few low-frequency reflectors. Below the
picked horizons, the signal is discontinuous and randomly
scattered, in a different way in the three parts (left, center,
right) of the carbonates. As mentioned above, these differences
may be a footprint of the overlying different formations.

As for Figure 13 and other similar ones, the color scale is
qualitative only, because without a well calibration, the high-
frequency component and its percentage contribution to the final
broadband estimate (Figure 16) depend on acquisition and user-
defined processing parameters. Although the latter ones are
bounded by physical constraints and geological knowledge
about rock properties, at this stage our estimation is only
semi-quantitative.

GEOLOGICAL REMARKS

The most evident result of the absorption model within the
Pleistocene sediment, with high absorption in the western
part, low in the central part, and medium in the eastern part
(Figure 14), could reflect the occurring of the different phases
and components of the fluids present in the study area.

Seismic facies of the Late Pleistocene sediment in the seismic
profiles and in the high-resolution chirp data (Figure 2) show the
occurrence of fluids and fluid seepages at the sea floor, that
sample analysis revealed to be mainly methane of biogenic origin
(Busetti et al., 2020; Gordini et al., 2004; Gordini et al., 2012).
From the correlation between seismic and Chirp data, the main
area with gas bearing sediments results in the western part of the
analyzed profiles. The western Gulf of Trieste is rich of sites
related to gas seepages (Gordini et al., 2003) and some of them are
quite close the analyzed profiles. Chirp data permits identifying
some plume sites (Figure 2), but gas seepages nearby could be

significantly more than those ones recognized. These evidences
suggest that the high absorption within the Pleistocene sediment
in the western part of the profile (Figure 14) could reflect the
occurrence of gas.

The carbonate units are the confined reservoir of trappedMiocene
sea water (Petrini et al., 2013). The sonic log acquired in the Grado-2
well indicates that the Paleogene carbonates, located in the eastern
upper few hundred-meter part of the carbonate platform, are
characterized by more fractures and stratification than the
Cretaceous limestone, being potentially a more efficient reservoir
(Piffer et al., 2015). The carbonate reservoir is sealed on the east by the
turbiditic units of the Eocene flysch and by the terrigenous Miocene
Molasse, while in correspondence of the morpho-structural high, the
carbonates are draped by about 100m of the Miocene Cavanella
Group composed of sand, sandstones and marls (Nicolich et al.,
2004). The Cavanella Group, occurring in the Friulian Plain, thins
southward pinching out in the Gulf of Trieste. Hence, thinning
southward, theCavanella Group loose progressively the capacity to be
an efficient seal, and the salty waters may migrate upward, in the
Pleistocene sediment. This hypothesis could explain the low
absorption zone in correspondence of the Pleistocene sediment
lying above the eastern part of the morpho-structural carbonate
high. The medium absorption in the eastern part could be related to
less evident gas occurrence within the sediment.

DISCUSSION

The broadband imaging method presented in this paper is a
heuristic approach, based on a few major approximations. Thus,
we should regard it as a semi-quantitative tool, able to highlight
local lithology variations, but not providing a precise
measurement to be used for direct engineering applications.
Within these premises, however, it is a clear advance with
respect to current technologies in terms of spatial resolution

FIGURE 16 | Q factor estimation obtained by P velocity in Figure 7 and the broadband anelastic absorption coefficient in Figure 6. The small red arrows on top
indicate the proximity of known plume areas.
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for detecting saturated formations and fluid pathways. Using
synthetic seismograms (and thus known models), Vesnaver and
Lin (2019) showed that this method works nicely also when the
acoustic impedance contrast is modest in a hydrocarbon
reservoir, so that the oil/water contact cannot be detected by a
standard approach. However, if a production technique as
fracking is applied, the rock matrix is affected and the Q
factor decreases: then, it becomes a good parameter to
delineate fracked regions and optimize the production of
hydrocarbons or geothermal energy.

Some heuristic methods have been used effectively. A similar
approach to our one was introduced for a broadband estimation
of the acoustic impedance by Lindseth (1976), Lavergne and
Willm (1977) and Becquey et al. (1979), getting successful
applications for decades in oil and gas exploration. Other
comparable hybrid methods were presented by Mora (1989)
for seismic reflectivity and by Tura et al. (1998) for the depth
conversion of attributes derived by Amplitude vs. Offset analysis.

We remark that the absorption images highlight the relative
contrast of this property among different formations illuminated
by the seismic waves, and not absolute values. This applies to both
low- and high-frequency components. For the tomographic
contribution, the adopted method of Quan and Harris (1997)
assumes a few hypotheses, as a white spectrum for the Earth
reflectivity, which can be violated in real experiments. Vesnaver
et al. (2020) showed that a calibration by well logs can fix such a
drawback, but when such information is missing (as in our test
case), we must be aware that our results might need to be adjusted
by a scaling factor. Another scaling factor is needed to calibrate
the high-frequency component, as it is dependent on the
frequency band spanned by the seismic source. Thus, the
relative weight of high- and low-frequency component may be
just guessed, within physical constraints, unless a well calibration
is available to consolidate both items.

The improvement in the broadband Q-factor estimation vs.
the purely tomographic one is dramatic, but suffers a weakness:
the tomographic velocity field is available only at a low-
resolution. Ideally, the high-resolution version should be
provided a full-waveform inversion, may be even just with an
acoustic implementation. We expect significant improvements in
this case, which is left to further studies.

The frequency band of seismic signals is limited: in the chase
history presented here, it ranges from a few Hz to over 200 Hz
(Figure 12). The lowest missing frequencies (from 0 to a few Hz)
correspond to the averages of velocity and absorption, which are
the zero frequency, and to the linear trend of their values. The
traveltime inversion estimates the absolute values of P velocities:
it is very amenable for injecting “a priori” information in the
inversion process, as physical limits for acceptable velocities and a
certain smoothness level for their later variations. Furthermore,
an increasing trend is expected for both P velocity and Q factor in
most cases, due to the increasing lithostatic load as a function of
depth. This additional information is a key contribution for filling
the low-frequency gap for P velocities and the main interfaces’
structure. When it comes to anelastic absorption (or Q factor),
this gap is filled properly only if a calibration by well logs is

available (see Vesnaver et al., 2020). If this data is missing, as in
our case study, we may use only more general constraints: for
example, high Q values in the sea water and much lower ones in
unconsolidated sea floor sediments. In the latter case, however,
the result is semi-quantitative only: as just the relative contrasts
are data driven, the absolute values may be biased by the chosen
constraints.

CONCLUSION

The broadband estimation of anelastic absorption is an
effective tool for characterizing fractures or fluid-saturated
formations, or both. We tested this recent method on a marine
survey acquired in the Gulf of Trieste (Italy) to validate a few
geological hypotheses about fluid occurrence within the
sediment and emissions at the sea floor. We hypothesize
that the high absorption of the Pleistocene sediment is
related to biogenic gas occurrence, while the low absorption
zones are reasonably correlated to possible migration of salty
water from deep carbonate reservoir to the Miocene-
Pleistocene sediment.
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