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Abstract: Precise reservoir characterization has been challenging and demanding due to the  
in-homogeneity involving sand and shale distribution. The complexity of the subtle structures within 
thin reservoirs in the deep-water depositional system is another factor. The reservoirs of interest are 
trapped within an important area noted for exploration activities. Regardless, they can be bypassed 
considering the complexity that results in poor resolution of the seismic data. Fewer research activities 
have been carried out within the thinly bedded reservoirs. Spectral Decomposition (Time-Frequency 
Decomposition) was used for the characterization of the complicated reservoirs to delineate structural 
changes and stratigraphic information along interpreted horizons. Also, it gains insight into the 
stratigraphic setting and the complexity of the geology. The transformed results include tuning 
volumes and a variety of frequency slices. When the fast Fourier algorithm was applied to seismic 
reflection data, the seismic signal was broken down into its frequency components and allowed 
visualization of the data at specific frequencies. Stratigraphic and structural features that otherwise 
would have been overlooked in full bandwidth display were identified. The obtained result revealed 
concealed and complex geologic features such as multi-complex and meandering channels, subtle 
faults and lobes. Time-frequency decomposition of seismic data for thinly bedded reservoirs 
interpreted using high frequency has led to the precise delineation of geologic features of interest. This 
study will also help in the recovery of more hydrocarbon as bypassed zones and subtle structures are 
revealed. 
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1. Introduction 

To find out the prospect in the seismic data, it ought to bear a striking resemblance to geological 
cross-sections which makes interpretation easy. In the absence of this, geological interpretation of the 
seismic data is done based on knowledge of the basic principles. Most especially when it is within 
complex by-passed zones with subtle structures and the bandwidth of the data is not supportive of the 
interpretation. Previous researchers have used spectral decomposition technique on seismic data as an 
interpretation tool for direct hydrocarbon indication, investigation of attenuation effects produced by 
hydrocarbon and also for thickness estimation. 

Partyka et al. applied spectral decomposition to seismic data to image thickness changes and 
delineate channels [1]. Marfurt and Kirlin also used the Discrete Fourier Transform to map time 
thicknesses i.e. estimating bed thickness via time difference between the peak and the trough of the 
seismic response [2]. Castagna et al. and Sinha et al. applied spectral decomposition as a direct-
hydrocarbon indicator [3,4]. Tomasso et al. used spectral re-composition to recover the frequencies 
and its associated amplitudes (weights) as a reversed problem by an improved formula [5]. This proved 
to be a potent way of characterizing stratigraphic models using sensitivity analysis, unicity and stability. 
Distinct measurements or quantities obtained directly from the seismic data are used in seismic 
interpretation. These quantities are referred to as seismic attributes. Other subtle or hidden information 
which is unique can be derived from these attributes. The information could be used to detect, 
characterize, predict and keep under surveillance the hydrocarbon reservoirs [6,7]. The major attribute 
used in seismic interpretation is the amplitude, though its interpretation in thin-bedded reservoirs is a 
bit complicated [8]. The measurements can either be done on the reflection amplitude data, data along 
specific horizons or on the transformed data. Within certain frequency band, hidden and subtle 
structures become visible because of the effect of tuning. The attributes are important in solving the 
difficulty of characterization of thin layers. 

Abdel-Fatah et al. used seismic attributes to illustrate different structural features that played 
important roles in the hydrocarbon potentialities and prospect identification of the Aptian Alamein 
Dolomite rock within the Razzak oil field in the northern part of Abu Gharadig Basin (Western Desert 
of Egypt) [9]. Fadul et al. also used seismic attributes for seismic interpretation of the tectonic regime 
of Sudanese Rift system and the implications of hydrocarbon exploration in “Neem Field”, Muglad 
Basin [10]. Most of this approach have used one or two of the various types of wavelet transformation 
technique, mostly within low-frequency bandwidth as a probable hydrocarbon-bearing zone. 

Little work has been done using high frequency to probe deeper to unobvious structures with a 
reasonable proportion of hydrocarbon. The low frequency with longer wavelength penetrates better 
for thick reservoirs but the high frequency with short-wavelength probes deeper for a thinly bedded 
reservoir. Since seismic data is band limited and has a limited vertical resolution, seismic may not 
detect subtle structures especially when the structure is complex. The seismic data in time has to be 
converted to discreet frequencies or wavenumber using Spectral decomposition. In other words, it’s 
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the use of small or short windows for transforming and displaying frequency/wavenumber spectra [11]. 
Spectral decomposition can be done by using different methods such as short window discreet Fourier 
transform, Continuous wavelet transform, stock-well transform, matching pursuit or by using Fast 
Fourier Transform [12,13]. The individual technique has its edge and flaws. Discrete Fourier 
Transform (DFT), Short Time Fourier Transform (STFT) and Fast Fourier Transform (FFT) make use 
of windows which has an intense consequence on the vertical resolution of the output. According  
to [12], STFT involves using windowed function transform discreet time series to its corresponding 
frequency domain. The disadvantage of STFT is that it makes use of a fixed analysis window. When 
a window function is chosen for STFT, the time-frequency resolution becomes fixed over the 
continuous time-frequency spectrum analysis [14]. For a function with a long period, minute changes 
in the time domain become indeterminate. In CWT, the frequency dispensation of non- stationary time 
series is examined. Unlike STFT, CWT does not use have fixed time-frequency resolution for its 
analysis. The frequency varies with the window size but when the frequency is low, events that are 
tightly spaced becomes unresolvable [4]. Also, the ringing effect associated with this approach due to 
poor signal makes it unsuitable for seismic data in some cases. 

Fast Fourier Transform is a robust method in spectral decomposition because of its efficiency in 
resolving high-frequency events and the fact that it computes the same result more quickly. The 
difference in speed is enormous, most especially for long set data which may be in thousands or 
millions. The time taken for computation can also be reduced tremendously by several orders of 
magnitude. In FFT, for a function within a period, small changes are easily observed. This enhances 
stratigraphic features by showing variation in thickness from stratigraphic attributes. The spectral is 
enhanced to maximize the average frequency as well as the bandwidth by improving the resolution 
and providing direct attributes for reservoir model as it combines several data. The effect of earth 
absorption and wavelet overprint are removed from seismic data through spectral decomposition 
technique while the resolution is enhanced. 

2. Geology of the study area 

The Niger delta basin is one of the largest subaerial basins in Africa. The basin is assumed to 
have emerged from a failed rift junction due to the separation of the South American and African plates 
in the late Jurassic to mid-Cretaceous [15]. The structural and stratigraphic styles used to predict the 
availability of hydrocarbons in place are directly related to different events of geologic formation. 
“Jude Field” is located in the Offshore Depobelt of the basin within latitude 5.2°N and 5.6°N and 
longitude 4.2°E and 4.8°E (Figure 1). The emergence of the Niger Delta basin is as a result of series 
of events. According to [16], the regular pattern of long-shore currents resulted in the geomorphology 
of the Niger Delta coast. The Niger Delta consists of the regressive wedge of clastic sediments of 
maximum thickness of about 12 km [17]. The Delta is divided into three subsurface lithostratigraphic 
units. These are the major transgressive marine Akata Shale, the petroliferous parallic Agbada 
Formation, and the continental Benin Sands [18]. They represent pro-grading depositional facies that 
are distinguished mostly based on sand-shale ratios [17,19,20]. The three sedimentary sequences are 
tertiary in age (Figure 2). The Benin Formation which is the youngest consists predominantly of 
massive, highly porous fresh water-bearing sandstone with local interbed of shale [18]. Very little 
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hydrocarbon accumulation has been associated with it. The Benin Formation is underlain by the 
Agbada Formation which consists of alternating sandstones and shale and it is of fluvio-marine origin. 
The age is from Eocene in the north to Pliocene in the south. The thickness is about 300 m to a 
maximum thickness of 4500 m. The Akata Formation underlies the Agbada Formation and it is the 
oldest. It consists of shale with inter-bedding of sands and siltstones. It is of the typical marine 
environment with a maximum thickness of about 6100 m. 

 

Figure 1. Map of Niger Delta showing the location of study and oil production sites [21]. 
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Figure 2. Stratigraphic column showing the three formations of the Niger Delta [17,22]. 

3. Methodology 

Structural and stratigraphic interpretation of 3D seismic data for reservoir characterization in an 
area with intense faulting such as Niger Delta is typically difficult and strongly model-driven. An 
integrated approach is used for better understanding of the geology and to enhance the interpretation 
(Figure 3). Details on the petrophysics are not given here due to the objective of this study. Firstly, 
well to seismic tie is carried out to ensure that the horizons picked on the seismic sections are true 
representatives of the ones picked on well logs from the good correlation panel. Also, it is used to 
correct for a shift in time in the log signature concerning time. From the data, the gamma-ray log was 
extracted from the suite of logs of well 1 within the depth range of interest. This was placed on a 
section using check-shot survey data and used for the time-depth conversion. To bridge the geological 
information both in time (seismic) and depth (well data), synthetic seismogram is generated. This 
involves time conversion of the measurements obtained in wells (depth) using the check-shot and sonic 
logs or generating synthetic seismogram from density and sonic logs, and a seismic wavelet by 
calculating reflection coefficients and acoustic impedance which are convolved using a wavelet 
(Figure 4). By generating a synthetic seismogram based on petrophysics, it is possible to identify the 
origin of seismic reflectors and trace them laterally along the seismic line. 
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Figure 3. Flow Chart of Methodology. 

 

Figure 4. Seismic to well tie in Well 001. 
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Two marker horizons were mapped and interpreted along with the thin reflectors and correlating 
across faults. 

The horizons are AJ2 and BJ2, representing the first and second respectively. The results of the 
interpretation were presented as maps, time (Figure 5) and depth structural maps (Figure 6) for both 
horizons. 

 

Figure 5. Time Structural Map of Horizon 1. 

 

Figure 6. Depth Structural Map for Horizon 1. 
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Oftentimes, layers within clastic rocks have a thickness below the resolution of the dominant 
frequencies of the seismic data. Hence, resolving the individual reflections for structural and 
stratigraphic interpretation becomes challenging. This generates the need to enhance the attributes for 
effective characterization. 

Generally, seismic attributes can be enhanced by minimizing the noise through data conditioning. 
The filter is made to repress random, coherent and multiple noises, and conserve the signal, thereby 
improving the signal to noise ratio. Some of the attributes are Variance, Chaos attribute, RMS, etc.  

Variance Attribute quantifies the equivalence of waveforms or traces alongside given lateral 
and/or vertical windows [23]. It is an essential tool used to image breaks and discontinuities associated 
with faulting, fractures, unconformities, channels etc. on horizon slices as illustrated in Figure 7. Chaos 
attribute is used along with variance to magnify not only faults but also chaotic textures within the 
seismic data. 

 

Figure 7. Variance Attribute enhancing structures the faults and fold. 

Mapping and interpretation of the non-conspicuous and subtle structures was carried out through 
the technique. 

In Spectral Decomposition method, a reflection from a thin bed has a unique frequency expression 
in the frequency domain which indicates temporal bed thickness [24]. 4-Dip median filter was applied 
to the original seismic data of Jude Field, offshore Niger delta to eliminate the noise and improve the 
data quality [25]. This ameliorates both the structural features and the stratigraphic interpretation. 

Seismic response at individual frequencies is studied after transforming the recorded traces from 
time to frequency domain. Thin bed interference patterns are visualized from the frequency slice in 
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simple perspective. The time gate for the investigation was selected, which is the interval of 
investigation on the seismic data. The time gate is of two types, the asymmetrical time gate and the 
symmetrical time gate. Asymmetrical time gate shows the interval of investigation between two 
unequal time range (−6 msec to +20 msec) while the symmetrical time gate shows the interval of 
investigation between plus or minus of an equal time range (+24 msec and −24 msec). The time slice 
of the section covered the zone/horizon of interest (Figure 8). 

 

Figure 8. Selected Thin Horizons used for Interpretation. 

From the amplitude spectrum generated, the individual spectral components at different 
frequencies of the horizon [low (12 Hz), medium (24 Hz), and the highest frequency (46 Hz)] are 
selected (Figure 9). Longer wavelengths with low frequencies (red) are absorbed in a shallow depth 
while shorter wavelengths (blue) penetrates to a deeper depth. Therefore, higher frequencies with short 
wavelengths (blue) can penetrate deeper. The higher the frequency, the thinner the bed and vice versa. 
The highest of these frequencies (the dominant peak frequency) is selected. 

White spectrum is produced in which all frequencies contribute to the power. The frequency 
decreases with depth because of attenuation and when the frequency is low, it images thicker beds. 
The low frequency at shallow depth is indicative of thicker beds while high frequency as we go deeper 
indicates thin beds. Individual spectral decomposition frequency slices (at single frequencies of 12 Hz, 
24 Hz and 46 Hz) or volumes are displayed with different colour schemes for Horizons 1 and 2. There 
are different colour options used which represent low, medium and high frequencies at varying depth. 
These are combined to blend multiple spectrally decomposed images. The one used in this research 
was Red-Green-Blue (RGB). With RGB, the three discrete frequencies were selected and plotted 
against red, green, and blue. The frequency at 12 Hz showed the thickest part of the channel at shallow 
depth, the frequency at 24 Hz shows the thicker part of the channel while 46 Hz illuminates the thinnest 
part of the channel i.e. the higher the frequency, the thinner the bed. 
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Figure 9. Amplitude spectrum of horizon 1 showing peaks of the frequencies. 

4. Result 

4.1. Structural interpretation 

From the input field data, some traces were missing while some reflections have been lost to the 
chaotic high depositional energy/trend with truncations of seismic events and amplitude changes along 
with seismic events (Figure 10a). Parts of the sections with chaotic reflections suggests either relatively 
high depositional energy, the variability of conditions during deposition, or disruption after deposition. 
High frequency and thin geometry of deltaic channels were observed after spectral decomposition. 
Figure 10b showed the seismic data regularization section. Here, all traces are seen with the continuity 
of reflections. Comparing this result to the input data, it showed that the continuity of the seismic 
reflections is much improved. Other geologic structures are also revealed. 

4.2. Stratigraphy interpretation  

Due to poor resolution of the data and complexity of the geology, seismic attributes such as trace, 
variance etc. were used to enhance the structures observed in the section. Complex and meandering 
channels, as well as lobes, are observed at the centre of the field using variance attribute (Figure 11). 
The channels appear to be regional as it extends through the section. It provided a better idea of the 
channel continuity and possible reservoir quality. These are likely traps for hydrocarbon. 
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a  

b  

Figure 10. (a): The original 3D seismic data. (b): Enhanced Seismic data with continuous 
reflections and structures. 

 

Figure 11. Lobes and meandering channels across the field. 
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Two horizons (Horizons 1 and 2) were mapped based on the continuity of the reflections on the 
seismic section. The spectra was used to delineate the stratigraphy (lithology) and thin-bed thickness 
variability. Large and detailed shapes are easily detected than small or blurry shapes i.e. short and low 
frequency but when the frequency is enhanced, the vertical resolution improves and subtle geologic 
features are revealed. Geologic discontinuities are easily identified through the phase spectra while 
channel sands and subtle fault systems were delineated from the Stratigraphic setting. Individual 
frequency slices were generated from the interpreted horizons. Figure 12a–c illustrates spectral 
decomposition slices for horizon 1 at different frequencies of 12 Hz, 24 Hz and 46 Hz. 

The data is decomposed into multiple bands of different frequencies which revealed different 
parts of the information. Changes can be observed from the three frequency responses at 12 Hz, 24 Hz 
and 46 Hz which showed subtle differences. Viewing the frequency responses individually and also 
comparing them showed how the energy is changing. Running a frequency decomposition centred 
around 12 Hz, we get the 12 Hz response (a localised response). It revealed a narrow bandwidth data 
response i.e. a part of the frequency spectrum with poor vertical resolution and smearing.  The discreet 
layers cannot be identified accurately. It’s hard to define the top and the base of the horizon. It’s much 
easier combining them into one volume through the RGB blend. The 12 Hz frequency response 
represents the red channel, 24 Hz response is the green channel while the 46 Hz response is the blue 
channel. This gives a blend of the contribution to produce the RGB volume. The workflow of the 
spectral decomposition is illustrated in Figure 13. 

Figure 14 illustrates Red-Green-Blue blend of the higher resolution of the three frequency slices 
for horizon 1 at depth. The RGB colour blend effect gives a better understanding of the geology of 
deep-water sedimentary and enhances exploitation benefits within the thin reservoirs. The colour blend 
is spectral balancing which recompense for wavelet and energy loss. The figure showed a complex 
meandering river system and other less winding channels which are discontinuous and difficult to 
resolve on the seismic. The magnitude response of the frequency which is high within the thin beds 
made it easy to interpret the stratigraphy. The RGB colour blending slices revealed more hidden 
structures compared with what is observed in the time structural map. This gives more confidence in 
mapping and interpretation. When the colour is white, it means there is high amplitude response in all 
the three volumes; where there is black, it showed low amplitude response of the three volumes and 
when one colour is dominating, it showed that the frequency is dominating at that point. It revealed 
the geometry of the channels and other fewer sinusoidal channels. Towards the northern part of the 
system, the bed thins. The amplitude response decreases and it is dominated by blue colour which is 
high frequency. At the central part, there is high amplitude, an indication of hydrocarbon/gas effect. 
The acoustic impedance within the gas-bearing sand is lower compared to the surrounding shale [26]. 
At the lower part where there’s a change in colour to brownish, it showed thickening up of the 
reflectors and greater contribution from the lower frequencies. There are changes in colour in the 
channel system which could be indicative of changes in lithology. The Frequency decomposition and 
RGB blend are applicable at all stages, from exploration, appraisal, development and production. The 
channels are displayed with bright colouration which contains multiple frequencies. Major channel 
discontinuity was also observed within the low frequency. The meandering channels run across from 
the north-eastern to the south-western part. These are likely traps for hydrocarbon accumulation [17]. 
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a  

b  

c  

Figure 12. (a): Time slice of frequency range at 12 Hz plotted against Red showing the 
thickest part of the channel in Map view. (b): Time slice of frequency range at 24 Hz 
plotted against Green showing the thick part of the channel in Map view. (c): Time slice 
of frequency range at 46 Hz plotted against blue showing the thinnest part of the channel 
in Map view. 
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Figure 13. Workflow of the Spectral Decomposition of the horizons at a different 
frequency range of 12 Hz (low), 24 Hz (medium) and 46 Hz (High). The frequency 
responses are blended showing contrast in frequency and amplitude. 

 

Figure 14. Time-slice of RGB colour blend for the frequencies showing subtle geologic 
features such as meandering channels and faults for horizon 2. 
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4.3. Stratigraphic contact  

A major geologic feature was observed on the time-slice from the divergent pattern on the seismic 
section as we penetrate deeper, which is an Unconformity (Figure 15a,b). This represents a significant 
break in vertical velocity or breaks in deposition time or record on Horizon [27]. The concept of 
unconformity was presented as part of the rock cycle by [28,29]. This type of unconformity is called 
Angular Unconformity [30–32]. Angular Unconformity is an unconformity between two groups of 
rocks whose bedding planes are not parallel or in which the older underlying rock dips at a different 
angle (usually steeper) than the younger, overlying strata. Its interpretation depends on the recognition 
of characteristic reflection geometries rather than on amplitude information. It shows that deposition 
of the sediments took place at different times. This is further confirmed from the seismic section in 
Figure 16. 

a  

b  

Figure 15. (a): Time-slice showing unconformity with Stratigraphic Contact. (b): Time-
slice of RGB Blend showing unconformity with Stratigraphic Contact.  
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Figure 16. Seismic section of the stratigraphic contact showing unconformity. 

From the time-slice, a huge northwest-southeast trending detached anticlinal fold is also observed 
in the north-eastern part of the field (Figure 17). This could be as a result of differential loading on the 
ductile marine Akata shale that is under-compacted and over-pressured as well as the gravitational 
collapse of the continental slope from an influx of sediments [33]. Associated with these structures are 
the dominant hydrocarbon traps in the Niger Delta which are suggested probable zone or new drilling 
site. The horizons fall within the anticlinal fold which is a structural trap.  

From the amplitude spectral, the high amplitude is direct hydrocarbon indicators of the presence 
of hydrocarbon within the reservoirs. 

 

Figure 17. Time-slice showing interpreted horizon 2 within the anticlinal fold. 
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Finally, structural highs extend within the field in the north-eastern direction which is a probable 
location for drilling new wells of economic quantity. There is an anomaly observed at the north-eastern 
Part and the western part of the field (Figure 18). It is high amplitude which is indicative of a bright 
spot. This is as a result of a change in pore fluid. The portion of the field is where the thin beds are. It 
means that the anomaly is caused by the gas effect. This is very important in hydrocarbon exploration 
wells. 

 

Figure 18. Direct Hydrocarbon Indicator of High Amplitude. 

The south-western part of the field is structurally lows. Integrating the information from 
geological constraints, seismic data and spectral decomposition parameters has improved the 
resolution and provided direct attributes for stratigraphic interpretation. Thus, it ascertained the 
reservoirs within portions of interest. 

Limited bandwidth and poor vertical resolution make it difficult when using conventional seismic 
interpretation to detect or resolve the geology within a complex zone. Therefore, spectral 
decomposition has been used effectively to image and map structural and stratigraphy changes 
showing subtle geologic features of great importance within the Petroleum system for hydrocarbon 
accumulation. 

5. Conclusion 

This research work has shown the importance of Spectral Decomposition method for reservoir 
characterisation especially in complex by-passed areas with subtle geologic features. Despite the 
limited vertical resolution of the seismic, Spectral Decomposition was used for effective stratigraphic 
and structural delineation in “Jude Field”, Offshore Niger Delta, Nigeria. Erroneous appraisal of 
seismic amplitude may lead to inaccurate interpretation and increase exploration risks. The result 
showed the validity of the technique and was also used to propose a new drilling site. Modern 
exploration technology with enhanced oil recovery techniques can be successfully adopted to harness 
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the hydrocarbon in these by-passed zones where drilling was once uneconomic. This will further lead 
to an increase the productivity within the field and development in the national revenue. 
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