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ABSTRACT The seismic-stratigraphic analysis of single-channel seismic profiles does not provide
reliable information on the nature of the materials identified in the absence of direct
investigations; therefore, it is often affected by interpretative subjectivity. In this work,
we use the 2D Fast Fourier Transform, applied to samples extracted from areas of
interest, as a method to obtain a database of signatures (characterisation indices) for
post-processing identification of geological units. This method is applied to discriminate
Holocene marine units from volcanoclastic units present in the geological records of
the Gulf of Naples. The results show how the signatures of these units are specific and,
consequently, can be well distinguished using the proposed method. The method is
corroborated by the statistical analysis carried out on single shots extracted from the
seismic lines. Although the proposed method may lead to misinterpretations in some
specific cases, as discussed in the paper, it offers geologists important help in rapidly and
effectively classifying seismic units.
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1. Introduction

Reflection seismics is a geophysical investigation technique that exploits the elastic properties
of the subsoil and enables the detection of characteristics and geometry of rock formations
underlying the Earth’s surface (marine subfloor) with high precision. It consists in the generation
of pulses of short duration and limited amplitude using specific sources; the signals reflected
from the seabed and from the various underlying thicknesses (seismic traces) are subsequently
collected and recorded by special sensors (hydrophones) organised according to specific
geometric configurations.

The set of all seismic traces, simultaneously recorded in response to each single energisation,
forms a seismic recording (seismic line). The seismic line is a reproduction, in units of time, of
a part of the interior of the marine subfloor along the route examined. It consists of a vertical
stratigraphic model, which presents itself in the form of seismographic features with different
shades of grey (McQuillin et al., 1979; Urick, 1979).

Along the horizontal plane of the seismic line, the various reflectors are the response caused
by the variations in a different acoustic impedance, Z, at the separation surface between the
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various layers (Jones, 1999; De Dominicis Rotondi, 1990). That is, each layer has its own acoustic
behaviour, due to the different composite materials (density variation):

Z=p-v (2)

where p is the density of the materials and v the speed of sound in the materials.

The geological interpretation and seismic-stratigraphic analysis of these reflections does not
provide certain information on the nature of the identified units. It is often characterised by
interpretative subjectivity on the part of the geologist, in the absence of direct investigations.

In this work, a method is proposed to facilitate the geological interpretation of seismic
profiles for the recognition and discrimination of seismic units. The procedure and related data
processing, which will be presented in section 2, was developed in the Matlab environment
(Math-Works) and incorporated into a self-built toolbox, herein called the Seismic CLASS toolbox.
The main screen and block diagram of the toolbox are shown in Fig. 1.
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Fig. 1 - Main screen of the Seismic CLASS toolbox and relative block diagram.

The proposed method is tested on two known seismic units, present in the geological
records of the Gulf of Naples. More specifically: 1) the Holocene marine unit, identified as unit
D. 2) the volcanic clastic unit (Campanian ignimbrite), identified as unit IC. These units have
been identified and confirmed over the years by various authors (Milia and Torrente, 1997,
1999, 2003; Milia et al., 1998b; Mirabile et al., 1998; Acocella and Funiciello, 1999, 2006; Aiello
et al., 2001, 2005, 2007; Acocella et al., 2004), who progressively calibrated and correlated the
stratigraphic data directly with the wells for geognostic investigations. The most important
reference well for this validation is the Trecasel well (Ippolito et al., 1973; Rosi and Sbrana,
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1987; Bellucci, 1998; Milia et al., 2003, 2011). It was drilled by AGIP (an Italian automotive
gasoline and diesel retailer) and ENI (an Italian multinational energy company) between 1980
and 1981 and was first described by Brocchini et al. (2001). The well is located on the south-
eastern slopes of the Vesuvius. Fig. 2 shows the stratigraphy of the well excavation. It should
be noted that on the summit there are volcaniclastic deposits with the presence of a layer of
approximately 30-35 m of Campanian pre-ignimbrite and a further layer of approximately 65
m of Campanian ignimbrite [270-116 kyr B.P. (Rolandi and Bellucci, 2003; Milia and Torrente,
2011) and 39 kyr B.P. (De Vivo et al., 2001)]. Therefore, these two identified and confirmed
units are used as references to test the proposed model.
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Fig. 2 -Stratigraphy of the Trecasel well (Milia et al., 2003; Milia and Torrente, 2011).

For the tests carried out in this work, two seismic lines, acquired during the study of
bradyseism in the Gulf of Naples and Gulf of Pozzuoli (1986-1990), were taken into consideration
as they include the two geological units mentioned above, units D and IC (Milia, 1999; Milia and
Torrente, 2003; D’Argenio et al., 2004; Roca, 2015). The two lines, called lines L3_90 and L5_90,
are highlighted by bold green lines in the navigation plan (Fig. 3). It should be highlighted that
the two lines were acquired from the same seismic source, i.e. the Multispot Extended Array
Sparker, during the seismic campaign in the Gulf of Naples in 1990 (Mirabile et al., 1969, 1991,
2000; Buogo and Cannelli, 1999; Simpkin, 2005). These lines refer to the same depositional
environment.

For the two seismic lines the following acquisition parameters were respected: sampling
frequency of 12 kHz, distance between traces of 6 s, boat speed of 1.8 m/s and listening time of
1s.
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Fig. 3 - Navigation plan of the Gulf of Naples: the lines used are bold green.

2. Seismic CLASS: data processing and methods

Data processing is carried out with the Seismic CLASS toolbox mentioned above. From the
reflectivity (R)* matrix of each of the two interpreted seismic lines (Milia et al., 1998a, 2000;
Milia and Torrente, 1999), through a simple segmentation process, which can be manual and/or
automatic, the ROI? samples are extracted for both the IC units and for the D units, according to
the block diagram in Fig. 1. For each ROI, the 2D spectrum is calculated using the 2D Fast Fourier
Transform (FFT2) tool (Elias Fakiris et al., 2012).

For the extraction of ROl samples, the seismic line was imported into the Seismic CLASS
toolbox and the Imcrop and/or roipoly commands of MathWorks (https://www.mathworks.
com/products/image-processing.html) were used (Figs.1 and 4).

Imcrop returns the cropped part of an image (ROI). It is converted into a binary image called
a target image, and, then, sent to the FFT2 calculation toolbox for further processing. Therefore,
both the 2D amplitude spectrum and the phase spectrum are calculated for each ROI.

The Crop Image tool is a movable, resizable rectangle that can be interactively positioned

! Ris intended as the amount of energy (absolute value), contained in the single segment.
2 ROI = Region of interest or extracted sample.
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over areas of interest using the mouse. The crop rectangle is located and cut by clicking and
dragging with the mouse.

Initially the samples are manually extracted, with ROl matrices of 90x50 elements. This choice
is linked to the minimum thickness identified on the seismic lines during the interpretation
phase. Once extracted, the samples are sent to the FFT2 of the Seismic Class toolbox, according
to the flow diagram in Figs. 1 and 4.

The interpreted seismic lines are shown in Fig. 5, whose caption specifies, for completeness,
the other seismic units identified during the interpretation (see stratigraphy in Fig. 2). An
example of some samples taken from the seismic lines are shown in Fig. 6. Clearly, the choice of
ROI, as previously mentioned, depends on the thickness, under examination, identified on the
interpreted seismic lines.

2.1. Results

This section reports the results of the methodology applied to the two seismic lines examined.

Figs. 7 and 8 show examples of responses of the ROl samples (units IC and D) extracted from
the two seismic lines, as well as the related 2D amplitude and phase spectra. We note that
both unit D and unit IC present a distinctly different signature as they depend on the different
sedimentological contents. In fact, by analysing the two ROIs, the image of the IC unit sample
is noted to be rather chaotic, unlike the D unit sample, which shows a smooth and uniform
appearance along the horizontal plane, similarly to the reflectors on the interpreted lines.

Fig. 9 shows the amplitude spectrum of the D and IC units of line L5_90; in particular, these
images show a 3D representation (profile view) of the power spectrum.

In Fig. 10, the responses of the two units are compared in terms of power spectrum. To do so,
they have been slightly tilted for better visualisation/interpretation. A clear difference between
the two responses is noted.
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Fig. 5 - Seismic line interpretation: a) L5_90, b) L3_90. D unit = upper Pleistocene-Holocene marine sediments (39 kyr
BP); IC unit = Campanian ignimbrite (39 kyr B.P.); PIC unit = pre-Campanian ignimbrite tuffs (270-116 kyr B.P.); C unit
= middle-upper Pleistocene marine sediments; B unit = lower-middle Pleistocene marine sediments; A unit = upper
Pliocene-lower Pleistocene marine sediments; MC unit = meso-Cenozoic carbonate bedrock (acoustic basement).

Fig. 11 compares the responses of the amplitude spectrum of additional ROl samples taken
from lines L3_90 and L5_90 both for unit D and unit IC. A clear spectral difference is noted again.

Fig. 12 shows images from additional samples taken from the two seismic lines; these images
and relative information can be noted to be consistent with previous results.

2.2. Discussion

The low frequencies are distributed in the centre of the image produced by the FFT2
(amplitude spectrum), while the high frequencies are distributed on the sides of the image
itself.

From the results of Fig. 7 (unit IC), almost all the spectral power can be noted to be
concentrated in the centre of the image and is characterised by low frequencies [Fig. 7b (Oliva et
al., 1999; Oliva and Torralba, 2001, 2002; Torralba and Oliva, 2003)], while in Fig. 8 the amplitude
spectrum of unit D visually shows a double structure along the horizontal plane, characterised by
a distribution oriented towards high frequencies (Fig. 8b).




Recognition of geological units on single-channel seismic lines Bull. Geoph. Ocean., XX, XXX-XXX

D unit samples

100 400 800 1400

Twtt (ms)
AL

g

.‘\

\
BT
K

g

(w) ydeq

/
v
.
.
&
-

Power spectrum D unit L3_90 ROI - D unit - L3_90

200 The minimum thickness identified on the " 1

-1500 = interpreted line is 90 vertical samples. I
o The choice of ROI is linked to the minimum !
. ’ thickness of 90x50 elements. :
= % pe ‘ﬁ’ i 2 1
]
I
1 1
1000 !
05 !

1500 e 90

2000
-4000 -3000 -2000 -1000 O 1000 2000 3000 4000

Frequencies (Hz)

Frequencies (Hz)

Fig. 6 - Example of samples taken from the seismic lines.

Since the D unit is the first layer on the seismic lines, it is characterised by high frequencies,
as expected, while the IC unit, located below the D unit, is cleared of high frequencies, with
a tendency towards low frequencies. The signatures of the two units are very distinct: unit IC
appears quite homogeneous and chaotic, while unit D is quite linear with stratifications as they
appear on seismic lines.

Since the results of the proposed method not only depend on the propagation characteristics
of the materials and its discontinuities but also on the structural geometry of the material, it
must be considered that, in cases of inversions or bendings of the reflectors, we are faced with an
ambiguous situation in the relative responses. In these cases, the proposed method should not be
applied to avoid misinterpretations. In fact, Figs. 9 and 10 confirm this in the 3D representation,
displaying a profile of the response of the 2D power spectrum.

In the next section, cross correlation will be used to statistically compare the two responses.

3. Corroborations of the method: estimation of statistical parameters of seismic
signals

In this section, the proposed method is confirmed by applying statistical analyses.
Using the additional tools contained in the Seismic CLASS toolbox, a series of equidistant
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Fig. 7 - IC unit (L5_90 line-L3_90 line): a) ROI sample; b) amplitude spectrum response, FFT2.; c) phase spectrum
response.

shots (for a total of 15 shots) were extracted from the two interpreted seismic lines, within the
chosen intervals (Table 1) in order to cover and characterise the entire area of interest (hatched
area on the lines indicated in Fig. 5), both for the IC unit and D unit. An example of the extracted
shots is shown in Fig. 13, where they are expressed in the time domain.

A segmentation process is, then, applied to the extracted shots (Giordano and Giordano,
2012; Giordano et al., 2015). Fig. 14 tries to explain the methodology applied to extract the
various shots from the lines. With the help of the interpretation made on the two lines (Fig. 5),
the segmentation process is applied to the shots. With this procedure, portions of the signal,
corresponding to the thicknesses identified on the seismic lines, are obtained. Fig. 15 shows
some segments of the IC unit, extracted from the shots.

Table 1 - Chosen intervals of the sampled area to characterise the object units.

Line Shots-range
L5_90 800+1400
L3_90 400+1300
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Fig. 10 - Comparison of the amplitude spectrum of the D unit and IC unit, L5_90 line (the spectra are slightly tilted for
better viewing).

For each segment, statistical analyses are performed, including: zero-crossing index, variance,
R, distribution and relevant histogram, 1D amplitude spectrum (FFT). Ultimately, the responses
obtained are compared, by calculating the correlation coefficient and the scatter plot between
the various units, for the same line and between different lines.

3.1. Statistical analysis

Table 2 shows the values of the zero-crossing and variance indices, of the IC and D units, from
the segments extracted from the various shots. The comparison of the data relating to the IC unit
and D unit, taken from the two seismic lines, has provided a remarkable result, in particular for
the statistical index variance.

For the IC unit, the variance occurs, on average, with very low values compared to the results
obtained for the D unit, highlighted in red in Table 2. Although the response of the zero-crossing
index is unsatisfactory as it is linked to the length of the extracted signal (it coincides with the
identified thickness), it should, however, still be taken into consideration. The zero-crossing index
referring to the D unit presents slightly lower values compared to the IC unit. The IC unit appears
inhomogeneous (non-uniform), as per the response on the seismic line. Furthermore, the D unit,
characterised by decidedly high variance values compared to the values of the IC unit, highlights
an important characteristic for materials whose nature presents variable and non-homogeneous
traits.

Fig. 16 confirms the results obtained in Table 2, showing the data distribution trend and
histograms, related to the IC units and D units, for the two sample lines examined.

Unit D shows a flattened histogram on the ordinate axis with high variance values, while unit
IC shows a sharp histogram on the ordinate axis with low variance values. We can, therefore,
state that the histogram relating to the IC unit, of L5_90 and L3_90, presents a distribution whose
trend is unimodal and characterised by a low variance value, while the histogram representing
the D unit presents a distribution with a bimodal trend with a high variance value, as shown in
Table 2. Ultimately, it can be said that unit D is characterised by a thickness whose R matrix is
non-homogeneous, with traits of variability throughout the entire unit, while unit IC, conversely,
is characterised by low variability, resulting in a thickness whose R matrix is almost homogeneous
to the eye, according to the ROl samples (Figs. 7 and 8).

Table 3 shows the results obtained from the distributions of Fig. 16. At a first analysis, the
variance values determined by the individual thicknesses of Table 2 are found to be 100%

10
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Fig. 11- Power spectrum: comparison between unit IC and unit D. Images are slightly zoomed for better reading.

comparable with these responses, certainly proving that the IC unit is characterised by a low
variance, while the D unit is characterised by high variance values.

R is a very significant index; it characterises the materials by highlighting the hardness and
compactness of the thickness in question. Table 4 shows the R indexes of the IC units and D units
relative to the signals (thicknesses) extracted from the indicated shots. It can be noted that R of
the IC unit presents much higher values than that of the D unit, a characteristic of compact and
fairly hard materials compared to the surface sediments of the Holocene (D unit).

4. FFT spectral analysis: result comparisons

For the decoding of the information contained in our signals, the 1D FFT implemented in the
Seismic CLASS toolbox is applied as a tool. Its objective is to evaluate the weight of the various
frequency components on the signal (thickness) under examination.

11
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L5 90-D Unit L3 90-D Unit
Shot Zero-crossing Variance Shot Zero-crossing Variance
800 36 0.1826 450 54 0.2079
840 35 0.0976 490 56 0.1632
880 35 0.1988 530 49 0.1915
920 36 0.1119 570 39 0.2300
960 33 0.2621 610 44 0.2105
1000 36 0.1142 650 37 0.2238
1040 33 0.3044 690 44 0.1349
1080 37 0.0709 730 37 0.1972
1120 35 0.1431 770 32 0.1226
1160 41 0.1253 810 26 0.1523
1200 36 0.1074 850 30 0.1582
1240 34 0.2657 890 12 0.0664
1280 45 0.1318 930 13 0.0714
1320 38 0.1163 970 24 0.1156
1360 35 0.0946 1010 16 0.1395
Zero-crossing mean | Variance mean Zero-crossing mean | Variance mean
36.33333333 0.155 34.2 0.159
L5 90-IC Unit L3 90-IC Unit
Shot Zero-crossing Variance Shot Zero-crossing Variance
800 32 0.0423 450 90 0.0111
840 67 0.0859 490 79 0.0103
880 24 0.0370 530 76 0.0090
920 22 0.0798 570 90 0.0085
960 73 0.0860 610 75 0.0114
1000 31 0.0680 650 80 0.0066
1040 36 0.1159 690 77 0.0076
1080 53 0.0711 730 76 0.0334
1120 36 0.0940 770 89 0.0301
1160 28 0.1103 810 81 0.0470
1200 38 0.0682 850 79 0.0142
1240 40 0.1038 890 59 0.0021
1280 69 0.0611 930 65 0.0011
1320 32 0.0526 970 33 0.0127
1360 51 0.0010 1010 15 0.0875
Zero-crossing mean | Variance mean Zero-crossing mean | Variance mean
42.13 0.072 70.9 0.020

Table 2 - The table shows the
zero-crossing and variance values
of the segments extracted from
the shots obtained from the two
seismic lines. The values of unit D
are represented in the upper row
and those of unit IC in the lower
row. The values show a clear
difference: unit D is characterised
by high variance, while unit IC by
low variance.
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Table 3 - Response relating to the data distributions in Fig. 15.
1C-L3_90 IC-L5_90 D-L3_90 D-L5_90
Variance 0.02 0.072 0.159 0.155
Mean -0.02 -0.40 -0.02 -0.21
Median -0.027 -0.795 -0.018 -0.556
Table 4 - R of some thicknesses extracted from the relative shots.
Shot — L5_90 920 960 1000 1040 1080 1160
R D unit 14.79 19.39 17.29 23.76 23.32 14.58
RIC unit 7.26 7.33 9.59 8.55 6.72 6.61
Shot - L3_90 570 610 650 690 730 810
R D unit 14.75 19.39 74.29 43.76 23.28 13.59
R IC unit 8.67 7.52 6.23 7.26 7.33 9.59

Fig. 17 presents some results obtained for the two geological units under examination. Data
processing shows that the IC unit is oriented towards low frequencies, in particular, it is involved
in a range of frequencies that vary in band (from 200 to 500 Hz). Unit D is characterised by much
higher frequencies, reaching components around 2,000 Hz, as can be seen from the images in

the figure.
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Fig. 17 - FFT of the thicknesses extracted from the seismic lines for both the D unit (upper panel) and IC unit (lower

panel).
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Table 5 shows the correlation between the data of the two units considered. From the data it
is clear that there is no correlation between the IC unit present in the L5_90 line and the D unit
of the same line, as highlighted by the scatter-plot in Figs. 18a and 18b. All this is confirmed by
the values of correlation coefficient p (4™ column in Table 5), where it is almost low. The same
applies to the IC unit present in the L3_90 line, compared to the D units of the L3_90 and L5_90,
where, in fact, p is very small, and the results appear completely independent.

Table 5 - Values of cross-correlations carried out between the segments extracted from the seismic lines.

Unit Unit Corr. coeff. (p)
ICL5_90 'S D L5_90 0.0018
ICL5_90 vs DL3_90 0.0290
ICL3_90 'S D L3_90 0.0530
ICL3_90 S D L5_90 0.0021
ICL3_90 'S ICL5_90 0.5200
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Fig. 18 - Scatter plot of the D unit: a) L5_90 versus the IC unit of line L5_90; b) L3_90 versus the IC unit of line L5_90.

Table 5 shows the correlation between the data of the two units considered. From the data it
is clear that there is no correlation between the IC unit present in the L5_90 line and the D unit
of the same line, as highlighted by the scatter-plot in Figs. 18a and 18b. All this is confirmed by
the values of correlation coefficient p (4™ column in Table 5), where it is almost low. The same
applies to the IC unit present in the L3_90 line, compared to the D units of the L3_90 and L5_90,
where, in fact, p is very small, and the results appear completely independent.

The comparison between the IC unit of line L3_90 and the IC unit of line L5_90 shows a
correlation coefficient, p, with high values (highlighted in red in the last line of Table 5), thus,
confirming the strong similarity between the characters of the two units, even if present in
different lines.

Fig. 19 shows the strong correlation between the IC unit of line L3_90 and the IC unit of line
L5_90, as can be seen from the high value of the goodness coefficient R? = 0.7987 at the top of
the figure.
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Fig. 19 - Scatter plot between IC unit of L3_90 and IC unit of L5_90.

5. Conclusions

In this work we demonstrate that the spectral signature, FFT2, can be used for stratigraphic
differentiation in the recognition of geologic units on single-channel seismic lines. The results
clearly show (Fig. 2) the discrimination of the two seismic units, IC and D, identified on the
seismic lines, defined Campanian ignimbrite (39 kyr B.P.) and Holocene marine sediments (post
39 kyr B.P.), respectively (Milia et al., 1998a).

The FFT2 confirms that the two units present different specific signatures related to different
sedimentological contents as shown in Figs. 7 to 9. The observation of the ROl sample of the
IC unit, relating to the Campanian ignimbrite deposit, presents a R matrix characterised by low
variability, almost homogeneous to the eye, with a frequency content tending towards low. The
D unit sample presents a R matrix with variable characteristics; it is irregular and stratified, with
the amplitude spectrum distributed along the horizontal plane, with a spectral content towards
high frequencies (Fig. 11).

Table 2 shows the zero-crossing and variance values of the signals extracted from the shots
(layers), relating to the IC and D units. The comparison of the data provided a very significant
result, in particular for the statistical index variance. The response of the zero-crossing index is
not very satisfactory (as it is related to the length of the signal extracted from the shot which, in
turn, coincides with the identified thickness). However, it should still be taken into consideration,
as its values present a slight similarity between the two lines. For unit IC the variance appears on
average with very low values compared to the results obtained for unit D, as can be seen from
the data in Table 2.

The confirmation of the results obtained in Table 2 is shown in Fig. 16, where the data
distribution trend and the related histograms of the IC unit and D unit are represented for the
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two sample lines examined. The D unit presents itself with linear stratifications as they appear
on the seismic lines, characterised by a high variance value, while the IC unit, which appears
chaotic and homogeneous, is certainly characterised by a low variance value.

The values of the correlation coefficients determined for the two units are reported in Table
5. Arobust correlation and a strong linearity between the IC unit of the L3_90 line and the IC unit
of the L5_90 line is noted. In fact, this is confirmed by the high value of correlation coefficient p,
which confirms the similarity between the units.

Considering Fig. 17, it can be stated that this method confirms the presence of the frequency
components evaluated during the FFT of the individual shots. In fact, it is confirmed that the IC unit
is oriented towards low frequencies, in particular it is involved in a range of frequencies that varies
in band (from 200 to 500 Hz), while the D unit is characterised by much higher frequencies (Fig. 11).

A final data point of particular importance is the measurement of R, which, as already
mentioned, characterises the materials from the point of view of hardness (Table 4). In fact, the
IC unit, being a compact material compared to the surface sediments (D unit), presents high
values of R. The use of the Seismic CLASS toolbox made it possible to provide a geophysical
reference for the unambiguous recognition of two important very abundant seismic units in
the Gulf of Naples, where, up to present, they were only correlated with terrestrial and marine
geognostic wells.

Ultimately, the result of the signature of the FFT2, applied to samples extracted from the
areas of interest, can be defined a good indicator for the discrimination of geological units.

The applied method appears efficient in its operation although from the point of view of
reliability it is strictly linked to the quantity of signatures that can be stored by creating a real
library, in order to continuously compare the acquired data. Therefore, this method can be
used to create a database of signatures (geological units), and, then, apply before and/or after
geophysical interpretation on seismic lines to obtain a correct interpretation and identification
of units, with no doubts. As mentioned above, however, the method can lead to ambiguity in the
response in cases where seismic reflector reversals or deflections occur, so we plan not to apply
this method to avoid incorrect interpretations.
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