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ABSTRACT Spectral decomposition is a robust attribute in the characterisation of post-stack seismic 
data. Reflected wavelets from specific geological lithologies show distinct patterns in 
the frequency spectrum, which is related to the wavelet frequency content and the 
interference pattern of a structure within a layer. Generally, the frequency spectrum of a 
wavelet has a smooth pattern through the entire bandwidth. However, the structure of 
a layer, such as its thickness and lateral distribution, will appear as a periodic function in 
the frequency domain. This research investigates the distinct patterns of reflective layers 
with different thicknesses using instantaneous amplitude and fast sparse S-transform 
(ST). To verify the efficiency of both methods, we have examined these approaches on 
channel-shaped and wedge-shaped synthetic models. The results showed that the fast 
sparse ST could predict features of both synthetic models better than the instantaneous 
amplitude. Next, the fast sparse ST is performed on experimental field data selected 
from a time interval containing a hydrocarbon channel reservoir. We used a sparse 
deconvolution algorithm to suppress the wavelet effect and balance all the frequencies. 
The results of this research showed the efficiency of the fast sparse ST in predicting a 
hydrocarbon channel reservoir’s thickness.

Key words: channel detection, fast sparse S-transform, frequency analysis, instantaneous amplitude, 
 seismic attribute.

1. Introduction

Spectral decomposition of seismic data provides robust interpretation tools for hydrocarbon 
investigation and thickness estimation by analysing attenuation effects (Luo et al., 2020; 
Oluwadare et al., 2020). This is especially important for hydrocarbon reservoir characterisation in 
carbonate environments. In seismic interpretation, spectral decomposition refers to any method 
that produces a continuous time-frequency analysis of seismic information. Thus, a frequency 
spectrum is output for each time sample of the seismic trace. Spectral decomposition has been 
used for a variety of applications including layer thickness determination (Partyka et al., 1999; 
Othman et al., 2016; Guo et al., 2020; Zhou et al., 2021), stratigraphic visualisation (Marfurt 
and Kirlin, 2001; Ehirim and Akpan, 2017), and direct hydrocarbon detection (Castagna et al., 
2003; Chopra and Marfurt, 2007). Spectral decomposition is a non-unique process, thus, a single 
seismic trace can produce various time-frequency analyses.

Spectral decomposition of an input seismic trace refers to methods that compute the spectral-
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magnitude and spectral-phase components at every frequency sample (Allen and Rabinar, 1977; 
Badly, 1985; Chakraborty and Okaya, 1995; Chopra and Marfurt, 2006). Liu (2006) showed that 
images produced from spectral decomposition are well-correlated with the layer thickness. 
Widess (1973) showed the approximate linear variation of the amplitudes with layer intervals 
less than the tuning thickness. Chuang and Lawton (1995) generalised this work to a frequency 
spectrum and observed that the peak frequency slightly increased with decreasing layer 
thickness. The repetition frequency pattern in frequency spectra of the seismic data denotes the 
higher resolution of the reservoir zone. This qualitative aspect of the frequency spectrum can be 
used as an attribute. In this research, the instantaneous amplitude is used to identify bright spots 
as an effective tool to detect gas accumulations. The premise of the current research is obtaining 
resolution reliability using instantaneous amplitude and spectral decomposition. This process 
provides promising reservoir properties necessary for characterisation purposes.

This study investigates the Asmari Formation of the giant Marun Oilfield located in the Dezful 
Embayment, SW Iran. The Marun Oilfield was discovered by seismic data, and an exploration well 
was drilled in 1963, this oilfield has a north-western to south-eastern asymmetrical anticline. 
This investigation uses seismic attribute analysis including instantaneous amplitude and spectral 
decomposition of the Asmari Formation. Seismic attributes typically provide information relating 
to the seismic data reflection’s amplitude, geometry and position. Seismic attribute analysis is 
able to extract information from seismic data that is otherwise hidden in the data and this method 
is used to identify depositional environments (e.g. fluvial or deep-water channels), and even 
provide direct hydrocarbon indicators. The seismic attribute analysis serves as the interpreter, 
augmenting the geological interpretation of a formation, particularly in the thin-bed reservoir 
area. In seismic reservoir characterisation, it is important to use proper attributes to delineate 
its structure and other properties. The seismic attributes can reveal several characteristics of 
a hydrocarbon reservoir, which are not visually visible in the stacked section. In this research, 
the seismic attribute analysis showed evidence of subaerial exposure and a channel system 
near the Asmari and Gachsaran formations, which may be considered the carbonate sequence 
boundary (Van Buchem et al., 2010; Ashtari and Arzani 2016). The geological studies estimated 
the presence of the channel shape reservoir in the studied area. The seismic attribute analysis 
was performed to verify this geological feature estimation in this reservoir environment. The 
investigation shows how spectral decomposition assists in verifying geological predictions.

We begin with a brief introduction of the two methodologies used in this study, followed by 
the analysis and examining the results of synthetic modelling. Next, we introduce experimental 
field data and the related geology. Finally, after applying the methods to the experimental field 
data set, we compared the seismic attributes’ analysis results.

2. Methodology

In this study, an attempt was made to evaluate the relation between reflector thickness 
and frequency spectra. Instantaneous amplitude attributes can be used to determine reservoir 
intervals based on thickness variations. Detailed explanations about seismic attributes are 
presented by Tanner et al. (1979). The instantaneous amplitude attribute presents a combination 
of real and quadrature components considered a complex seismic trace. The channel reservoir 
data will be investigated by spectral decomposition using the instantaneous amplitude attribute 
(Zheng et al., 2007; Zeng, 2010; Yan et al., 2018). In the next step, fast sparse S-transform [ST: 
Sattari (2017)] is used to enhance the capacity of Spectral Decomposition at different depths
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The current study was conducted with the generated 3D seismic cube from 2D survey data 
for an offshore oilfield.

2.1. Instantaneous amplitude

Synthetic and real seismic data were used to evaluate the effectiveness of both instantaneous 
and spectral decomposition attributes in detecting channel-shaped reservoirs.

2.1.1. Synthetic example

A schematic representation of the layered 3D Earth model, consisting of two-channel 
reservoirs at different depths and locations with desired orientations, is displayed in Fig. 1. This 
figure displays a three-dimensional synthetic layered model consisting of two-channel reservoirs 
at different time depths with desired positions and orientations. An in-line and cross-line 
representation of this synthetic model is normal incidence data, which is displayed in Figs. 2 and 
3. The wavelet type is the Ricker wavelet with a 20 Hz peak frequency.

Fig. 1 - Schematic representation of 3D Earth model layered consisting of two - channel reservoirs with different 
depths, locations, and orientations.

A two-dimensional representation of in-line and cross-line of introduced synthetic data (Fig. 
1) is shown in Figs. 2 and 3.
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The data are now used as the input for seismic attribute modules by a single-channel 
sparse deconvolution method (Jeong et al., 2013). 2D in-line and cross-line representations of 
deconvolved data are shown in Figs. 4 and 5.

Fig. 3 - The 2D cross-line section was extracted from a 3D synthetic model (Fig. 1). This section shows that the locations 
of the buried channels, marked by blue ellipsoids, are unclear.

Fig. 2 - The 2D in-line section was extracted from a 3D synthetic model (Fig. 1). This section shows that the locations 
of the buried channels, marked by blue ellipsoids, are unclear.
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To select the boundary of channels within the reservoir, instantaneous amplitude attributes 
are used (Jeong et al., 2013). Different methods are proposed to calculate a seismic attribute 
(amplitude, phase, frequency), including quantity extracted, and seismic data-driven (Barnes, 

Fig. 5 - The 2D cross-line section after applying sparse deconvolution on the synthetic data of Fig. 3. The seismic 
section represents the algorithm performance of space deconvolution.

Fig. 4 - The 2D in-line section after applying sparse deconvolution on the synthetic data of Fig. 2. The seismic section 
represents the algorithm performance of space deconvolution.
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1993, 2007). A seismic trace f(t) can be expressed as the product of instantaneous amplitude A(t) 
and the cosine of instantaneous phase θ(t):

(1)

Eq.1 has one known variable [i.e. f(t)], and two unknown variables, A(t) and θ(t). Tanner et al. 
(1979) introduced complex trace analysis to resolve this problem.

The complex trace attributes are derived from the analytic signal as a powerful tool for 
computing instantaneous attributes. Analytic trace analysis assumes a seismic trace f(t) as a real 
part of a complex trace:

(2)

The imaginary component f*(t) is ascertained from the real component. A real component 
can be expressed as the time-dependent amplitude A(t) and time-dependent phase θ(t). Taking:

and

giving f(t) and f*(t) the solution to A(t) and Q(t) is straightforward:

(3)

(4)

This attribute is sensitive to high-amplitude variations in the reservoir channel region. Then, 
it is applied to the 3D convolved data. A 2D time slice image for each seismic trace is used to 
demonstrate the proper output result. Time slices at t1 = 0.15 and t2 = 0.4 ms, shown in Figs. 6 
and 7, correspond to the channel-shaped hydrocarbon reservoir.

To determine the reservoir location in time using instantaneous amplitude attributes, the 
first step is to analyse the frequency content of the data. For this purpose, data are separated 
by time intervals Dt = 0.1 ms, therefore, we select the time interval of 0.1 ms for the frequency 
analysis.

These data are considered as the input of the analytical frequency attribute. Time slices 
at the upper and lower levels of the target reservoir are between 0.15-0.16 and 0.4-0.41 ms, 
respectively. The method is then followed by the frequency attributes analysis. The attributes 
analysis of frequency is employed for the upper reservoir boundary (i.e. 0.15-0.16 ms) using a 
20 Hz frequency interval. Frequency analysis attributes qualities are superior to instantaneous 
attributes. They are also less noise-sensitive. 15-Hz-level frequency-related outputs are shown 



67

Application of instantaneous amplitude and spectral decomposition Bull. Geoph. Ocean., 64, 61-76

in Figs 8 and 9. As can be seen from these figures, the reservoir area thickness and time interval 
are correctly determined.

Fig. 6 - Time-slice (0.15 ms above reservoir) obtained 
from instantaneous amplitude. The oblique pixels show 
the trace of the upper channel-shaped reservoir in the 
synthetic model (Fig. 1).

Fig. 7 - Time-slice (0.4 ms below reservoir) obtained 
from instantaneous amplitude. The oblique pixels 
show the trace of the lower channel-shaped 
reservoir in the synthetic model (Fig. 1).

Fig. 8 - Frequency analysis attribute results correspond to 
the upper channel-shaped reservoir boundary for 0.15-
0.16 ms and 20 Hz frequency. As can be noted from this 
figure, the thickness and time interval of the channel-
shaped reservoir area are correctly determined.

Fig. 9 - The frequency analysis attribute corresponds to 
a lower channel-shaped reservoir boundary for 0.4-0.41 
ms and 20 Hz frequency. As can be seen, the thickness 
and time interval of the channel-shaped reservoir area 
are correctly determined.

2.2. Fast sparse S-transform

This method is robust due to reducing uncertainty in the time-frequency panels leading to an 
increased resolution in both time and frequency. In this method, a novel Sparsity-Based window 
parameter optimisation (Bourguignon et al., 2007) is proposed with which the sparse ST is 
supplemented to satisfy the need for regularising the sudden frequency variations and stabilising 
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the results. The applied advanced procedure was helpful to tackle seismic phenomena such as 
multiple thin-bed layers (Raef et al., 2017). This method has shown high performance as compared 
with previous methods such as sparse Short-Time Fourier Transform (STFT) because the new 
algorithm is applied on both time and depth domains simultaneously. Although it is considered 
a major discovery when the ST was proposed (Stockwell, 2007), it is nonetheless similar to the 
STFT (Gabor, 1946). Let x(t) ∈ RN be the objective trace whose time-frequency representation is 
desired using the time definition of ST (Sattari, 2017).

We perform the time-frequency sparse ST (Sattari, 2017) on all seismic traces. Since the 
sparse ST in the time-frequency space is sparser than the conventional ST (Stockwell, 2007), the 
uncertainty in time and frequency is, therefore, less than the conventional ST. This means that 
the local frequency behaviour at a different time is better detectable and distinguishable (Sattari, 
2017). Fig. 10 shows the time-frequency transform of one of the seismic traces selected from 
the 3D cube ST.

Fig. 10 - Time-frequency transform of one of the seismic traces selected from the 3D cube: a) seismic traces selected 
from the 3D cube; b) time-frequency transform using conventional ST (Stockwell, 2007); c) time-frequency transform 
using sparse ST (Sattari, 2017). Of note, the time-frequency frequency image performed by sparse ST (Fig. 10c) shows 
a better resolution than the conventional ST (Fig. 10b).

The seismic trace shown in Fig. 10a is used as an input for seismic single-channel sparse 
deconvolution (Jeong et al., 2013). Then, both conventional and sparse ST were performed 
on the deconvolved trace (Fig. 11a). It is notable that the time-frequency frequency image 
performed by the sparse ST (Fig. 11c) shows a better resolution than the conventional ST (Fig. 
11b).
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Fig. 11 - Time-frequency transform of one of the deconvolved seismic traces selected from the 3D cube: a) deconvolved 
seismic trace selected from the 3D cube; b) time-frequency transform using conventional ST (Stockwell, 2007); c) 
time-frequency transform using sparse ST (Sattari, 2017). Note the time-frequency frequency image performed by 
sparse ST (Fig. 11c) shows a better resolution than the conventional ST (Fig. 11b).

Fig. 12 - The 3D Earth model consists of two channel-shaped reservoirs 
having different depths, locations, and orientations obtained by employing 
fast sparse ST on the synthetic model (Fig. 1).
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Concerning the acceptable result obtained in Fig. 11c, we perform the time-frequency using 
sparse ST for the whole cube (Fig. 1). Fig. 12 shows the results obtained from sparse ST; note 
that the location of the channel-shaped reservoirs is properly constrained. This model represents 
a layered 3D Earth model consisting of two channel-shaped reservoirs having different depths, 
locations, and orientations. As can be seen, Fig. 12 shows that the result is in good agreement 
with the starting model (Fig. 1) in detecting two channel-shaped target reservoirs.

2.3. Wedge model

To compare the precision and efficiency of the fast sparse ST (Sattari, 2017) with the 
conventional ST proposed by Stockwell (2007) a wedge shape including a thin sand reservoir is 
considered (Fig. 13). The reflection coefficient of the top and bottom of the thin layer is identical 
with opposite polarity. We have used a Ricker wavelet with various frequencies to investigate its 
effect on the resulting frequency analysis. 

Figs. 15 and 16 show the effectiveness of applying both the conventional and fast sparse ST 
attributes in detecting a wedge-shaped reservoir, synthetic model (Fig. 13).

Fig. 13 - A homogeneous synthetic model to test the efficiency of conventional ST and the fast sparse ST, respectively.

Fig. 14 - Synthetic seismic traces using a Ricker wavelet resulting from the synthetic model (Fig. 13). Trace number 20, 
which corresponds to the one-quarter wavelength thickness for the wedge model, is marked with an arrow in this figure.
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Though both attributes could have detected the synthetic wedge-shaped reservoir model 
(Fig. 13), it is evident that the resolution of the obtained model using fast sparse ST (Fig. 16) 
shows a better resolution than the model obtained using the formal ST (Fig. 15).

3. Results

We apply the frequency attributes to 3D seismic data from the Marun hydrocarbon field. 
Marun oil field is located in Zagros Basin, SW Iran. The neighbouring oil fields include Aghajari, 
Ahwaz, and Kupal. Marun oil field surface outcrop is the Aghajari Formation and Asmari, 
Bangestan and Khami are the three reservoirs in this oilfield. This oil field has 3-horizon reservoirs, 
which in ascending stratigraphical order are Asmari Formation, Bangestan, Gas, and oil-bearing 
reservoir, and Khami Group, a gas-bearing reservoir. This structure has 67 km length and 7 km 
thickness. It is situated 30 to 110 km SW of Ahvaz. The Asmari Formation with six reservoir 

Fig. 16 - The fast sparse ST result in detecting a wedge-shaped reservoir, synthetic model (Fig. 13).

Fig. 15 - The conventional ST result in detecting a wedge-shaped reservoir, a synthetic model (Fig. 13).
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layers is the major oil reservoir of this field. In addition, it is mainly composed of carbonate units 
(limestone and dolomite). It is believed that the Asmari Formation has a good fracturing system 
in its first layer (more than 90% dolomite). The lithology of the Asmari reservoir is carbonate, 
shale, and sandstone and the lithology of Bangestan and Khami reservoirs is carbonate and 
shale. Due to tectonic activity, high fracture areas exist in this oil field, which causes upward 
migration of hydrocarbon (Shayesteh, 2002). The reservoir’s depth for the Asmari Formation is 
from 2972 to 3212 m, also the average thickness is about 250 m but this thickness has changed 
from the east to the west. This field is an asymmetric anticline oriented NW-SE. The dimensions 
of the Marun oil field at the Asmari oil reservoir horizon are 67 and 7 km in length and thickness, 
respectively. Asmari oil reservoir is divided into 8 sectors. To date, 370 wells have been drilled 
in the Marun oil field. Except for 6 wells of Khami and 20 wells of Bangestan reservoirs, all wells 
were completed in the Asmari oil reservoir of this field. Fig. 17 shows the schematic cross-view 
of formations in the Marun oil field, and also a 3D view of the Asmari reservoir (Telmadarreie 
et al., 2012).

Fig. 17 - Scheme of the Asmari and Bangestan reservoirs section and the 3D view of the Asmari oil reservoir in the 
Marun oil field (Telmadarreie et al., 2012).

Frequency perusal is a state-of-the-art and promising direction in geophysics and hydrocarbon 
exploration using seismic frequency information (Huang et al., 2020). Furthermore, the frequency 
responses and their measurements are not the main criteria for a good hydrocarbon reservoir so it 
is vital to combine other pieces of evidence like well-logs and extract appropriate seismic spectral 
decomposition features. Before extracting the spectral decomposition feature, the amplitude 
spectrum has been extracted for the seismic information as shown in Fig. 18. In Fig. 18, the maximum 
frequency of the seismic information is around 20 Hz, and the frequency band is from 0 to 18 Hz.

Due to the complexity of geological structures and several reflectors, data are not represented 
in 3D sections. Only in-line and cross-line are displayed in Figs. 19 and 20.
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Fig. 20 - A 2D stacked cross-line section selected from 
a 3D cube of the Marun oil field. Clear reflectors, from 
left to right on the vertical axis, are seen in this section, 
some of these reflectors are deflected in the y-axis range 
(82 to 123) ms.

Fig. 19 - A 2D stacked in-line section selected from a 3D 
cube of the Marun oil field. Clear reflectors, from left to 
right on the vertical axis, are seen in this section, some 
of these reflectors are deflected in the y-axis range (82 
to 123 ms).

Time-frequency attribute, with corresponding frequencies of 20 Hz is obtained using fast 
sparse time-frequency transform and the results are shown in Figs. 21 and 22, respectively. The 
red arrows indicate the reflector’s thickness variations in these seismic sections.

Fig. 21 - Analysing the frequency attribute of the in-line 
extracted image from a 3D seismic section, the Marun 
oilfield. The red arrow indicates the probable reflector’s 
thickness variations in this time-frequency section.

Fig. 22 - Analysing the frequency attribute of the cross-
line extracted from a 3D seismic section, the Marun 
oilfield. The red arrow indicates the reflector’s thickness 
variations in this time-frequency section.

It is evident that red arrows distinguish variations in thickness that can be considered as 
anomalies.

To check the reliability of the predicted results and the effectiveness of the proposed 
method, we examined the performances of both the instantaneous amplitude and fast sparse ST 
attributes in terms of frequency analysis of the reservoir interval versus thickness and amplitude. 
It is evident that, one of the most important issues in hydrocarbon reservoir characterisation is 
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predicting the thickness of hydrocarbon reservoirs by evaluating the frequency analyses and 
amplitude of seismic data in the reservoir interval. In this regard, instantaneous amplitude and 
fast sparse ST attributes are used on stacked seismic sections to evaluate the performances 
of both attributes in the prediction of the thickness of the reservoir interval. In this context, 
different analyses such as frequency versus thickness variations and frequency versus amplitude 
variations (Ortiz Bustos et al., 2020) were performed. Fig. 23 shows the frequency range from 
20 to 30 Hz versus 82 to 123 ms reservoir interval to evaluate the frequency variations versus 
thickness in the time domain. 

In terms of validation, the results shown in Fig. 23 are compared with the obtained thickness 
of a well-log selected from the reservoir interval (Table 1).

Fig. 23 - The frequency versus thickness variations using 
instantaneous amplitude and fast sparse ST. Note that the 
performance of the ST is superior to the instantaneous 
amplitude in the reservoir interval.

Table 1 - The evaluated reflectors’ thickness in the time domain and lithological information of the Asmari Formation 
from well logs.

	 Formation	 Time	interval	(ms)	 Lithology

 Top of the reservoir 82 Carbonate

 Base of the reservoir 123 Carbonate to Marl

Fig. 24 - The amplitude versus frequency variations 
using instantaneous amplitude and fast sparse ST. 
The fast sparse ST has provided better performance 
than the instantaneous amplitude in the reservoir 
interval.

Fig. 24 shows the frequency range from 20 to 60 Hz versus amplitude to evaluate the frequency 
variations versus amplitude in reservoir intervals. The results show better performance of the fast 
sparse ST attribute compared to the instantaneous attribute. It is evident that the frequency span 
of the fast sparse ST attribute shows a better performance than the instantaneous amplitude.



75

Application of instantaneous amplitude and spectral decomposition Bull. Geoph. Ocean., 64, 61-76

4. Conclusions

In this study, the application of the instantaneous amplitude and of fast sparse ST attributes 
were examined to identify the local effects of reflectors and analyse the corresponding frequency 
spectrum applicable to reservoir characterisation. We analysed these methods to estimate 
the location and thickness of channel-shaped and wedge-shaped synthetic models, as well as 
experimental field data of a hydrocarbon reservoir. We found that the frequency content of the 
studied data is sensitive to the variation of reservoir thickness. There is a repetitive trend in the 
frequency spectrum, increasing with the thickness of the reservoir layer. Reflected waves from 
the bottom of layers with different thicknesses have different frequency and amplitude contents. 
Thus, the time-frequency cross-plot can be a suitable tool for identifying anomalies in thin layers 
forming hydrocarbon reservoirs. We conclude that the instantaneous amplitude attribute is ideal 
for predicting the synthetic models; however, the fast sparse ST resulted in better delineation of 
the synthetic models and field channel-shaped hydrocarbon reservoirs.
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