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Abstract 

Interpretation of seismic results from a complex geological formation can be very difficult both on-field 

and off-field. The spectra ratio (SR) time-dependent method was derived using established geological 
principles. The spectral amplitude was analyzed numerically to affirm the reliability of the method on 
field operations. It was observed that the SR time-dependent method could initiate a natural correction 

to the attenuated seismic amplitude at each given interval during a seismic operation. The multi-layer 
implementation of the adopted method showed great success with the most accurate result at n = 0.1 
for the fourth term on a newly-propounded volumetric table. Most volumetric results from the Niger-
Delta showed correspondence with the volumetric analysis of the fourth term. One of the on-field volu-
metric results was obtained in the third term. The derivation of the volumetric table is to further 
enhance more accurate exploration using the reflective seismic technique. 

Keywords: spectra ratio, volumetric table, Niger-Delta, spectral amplitude, numerical analysis. 

 

1. Introduction 

The results from seismic exploration have widely varying degrees of uncertainty and many 

important aspects still remain mysterious [1]. The in-homogeneities within the sub-surface are 

highly anisotropic in interpreting faults, structural deformation and depositional environments. 

Hence, the modelling and analysis of wave propagation in the earth’s crust could be somewhat 

challenging mathematically because it leads to wave localization amongst other challenges. 

This occurrence greatly influences the resolution of seismic imaging and also the effective 

depth of seismic probes. There are no 'good enough' transport theoretic boundary conditions 

to describe the earth's surface and interfaces. In exploration seismology, where seismic 

probing can generate huge data sets, not so much good algorithms for imaging exist. Efficient 

compression of geophysical data sets is perhaps the most urgent problem that exploration 

seismology faces at present. The theory of elasticity is used to explain the propagation of 

seismic waves. However, materials may respond differently to brief and sudden stress than 

they would to long lasting steady stress. The stress response of minerals and rocks (geo mate-

rials) in the earth’s interior is affected by many other factors, including temperature, hydro-

static confining pressure, and time [2]. Hence they show elastic, inelastic and plastic behaviour 

with various degrees of importance at different depth. The major phenomenon in the theory 

of seismic waves relate to the difficulties as a result of uneven distribution of materials in the 

earth surfaces in which geologist refer to as inhomogeneities, and this is not the only cause 

in seismology. Inelastic behaviour in the subsurface is related to the petrophysical properties 

of geo-materials. The amplitude attenuation is as a result of the inelastic damping of the vibra-

tion of the particle of the materials. The theory of propagation of seismic waves is built by 

considering the behaviour of an elastic medium when stresses travel through it. Both trans-

verse and longitudinal waves can be propagated through solids. Seismic body waves can either 

be longitudinal waves (primary waves) or transverse waves (secondary waves). The two common 
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types of waves common in seismology are P waves and S waves, involve respectively conden-

sation rare fractional and distortional motion. P waves possess the ability to penetrate geolo-

gical layers with only a few reflected by lithologic interfaces. P waves are not independent on 

their own because it has the challenge of imaging subsalts, formations beneath volcanic rocks, 

formations with low acoustic impedance contrast [3]. The S waves information are required to 

adequately solve seismic imaging or reservoir properties as shown in Figure 1. 

 

Figure 1. Cross section of Niger-Delta formation [22] 

The peculiarities in the Niger-Delta which includes a dynamic petroleum system is a clear 

indication that static exploration approach maybe outdated and irrelevant in drawing research 

conclusion as seen in recent research. This suggests that the yet undiscovered hydrocarbon 

deposit in a complex geological environment requires not just a higher resolution seismic 

reflection method but an improved Q-factor which is largely dependent on the spectral 

amplitude. The degree of seismic attenuation is measure by the Q-factor. Li et al. [4] placed more 

emphasis on the Q-estimation which is dependent on the frequency shift method. Their 

method was basically to control the phase spectrum to prevent the stress on the seismic 

wavelet and the exponential decay of seismic amplitude with respect to time or depth. The 

inhomogeneities of the complex geology of the Niger-Delta are supposed to dissipate high-

frequency seismic energy and a corresponding decrease in the seismic amplitude. However, 

the sudden seismic amplitude decrease is clear evidence that it may depend on scattering, radius 

of convergence from seismic source, variation with illumination angle, geometric spreading. 

Unfortunately, this factors can be related to the frequency which is a major indictment to the 

frequency -based methods. In agreement with recent research [4], spectral ratio (SR) method 

is more viable. Unlike the earlier research, we seek to modify the SR method as a function of 

time which may be salient for resolving anomalies in reservoir depth among others. The focus 

of this research shall be the Niger Delta, Nigeria, West Africa. 

2. Background theories and formulation 

The physics of the spectral amplitude Ao(f) modified to An(f) at time (t) and frequency (f) 

is given as 

𝐴𝑛(𝑓) = 𝐴𝑜(𝑓) exp(−
𝜋𝑓𝑡

𝑄
)                 (1) 
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In this research we are more interested in the multilayer implementation; hence, it was 

assumed that the spectral amplitude has a differential impact as it transmits. This can be 

expressed using the hermit polynomial 

∑
𝐴𝑛(𝑓)

𝐴𝑜(𝑓)
 𝑟𝑛 = exp(−

𝜋𝑓𝑡

𝑄
) ∞

𝑛=0             𝑓𝑜𝑟 |𝑟| < ∞         (2) 

We represent x =−
𝜋𝑓𝑡

𝑄
 and expand the exponential using the Maclaurin's series i.e. 

exp(𝑥) = 𝑥𝑛 +
𝑥𝑛

(𝑛+1)!
+

𝑥2𝑛

(𝑛+2)!
+

𝑥3𝑛

(𝑛+3)!
…………          (3) 

Hence, equation (2) becomes 

∑
𝐴𝑛(𝑓)

𝐴𝑜(𝑓)
 𝑟𝑛 = 𝑥𝑛 +

𝑥𝑛

(𝑛+1)!
+

𝑥2𝑛

(𝑛+2)!
+

𝑥3𝑛

(𝑛+3)!
 ∞

𝑛=0           (4) 

where 𝑟𝑛 is the radius of convergence. The relationship between frequency fluctuation and the 

symmetry of the seismic source is significant in live seismic probe [5]. Therefore, high frequency 

must be avoided by tuning the radius of convergence to unity. This gives a broader outlook 

on the multi layer implementation of the amplitude spectrum shown below 

𝐴𝑛(𝑓, 𝑡) =

{
  
 

  
 
𝐴𝑜(𝑓, 𝑡)𝑥

𝑛                𝑥𝑛 = −𝑥𝑛 𝑓𝑜𝑟 𝑛 ≤ 0.6

𝐴𝑜(𝑓, 𝑡)
𝑥𝑛

(𝑛+1)!
      𝑥𝑛 = −𝑥𝑛 𝑓𝑜𝑟 𝑛 ≤ 0.6

𝐴𝑜(𝑓, 𝑡)
𝑥2𝑛

(𝑛+2)!
      𝑥𝑛 = −𝑥𝑛 𝑓𝑜𝑟 𝑛 ≤ 0.3

𝐴𝑜(𝑓, 𝑡)
𝑥3𝑛

(𝑛+3)!
      𝑥𝑛 = −𝑥𝑛 𝑓𝑜𝑟 𝑛 ≤ 0.2

       (5) 

This parametric spectral amplitude would be very useful to analyze the differential com-

paction of either the incised channel engraved in shales or the incised channel engraved in 

sand [6]. This may be a good way of detecting depositional environment and structural defor-

mation. Taking the peculiar case of the Niger-Delta formation that is characterized by a 

transitional shale diapir controlled system, roll over anticlines and extensional growth fault [7], 

there is the need to know the amplitude misfit function per time. Ritsema et al. [8] gave 

amplitude misfit function which was modified to 

𝜒(𝑓, 𝑡) =
1

2
∑ [ 

𝐴𝑛(𝑓,𝑡)

𝐴𝑜(𝑓,𝑡)
− 1 ]

2
∞
𝑛=1                (6) 

and the new gradient (with respect to time) given as 

𝛿𝜒(𝑓, 𝑡) =
𝑛

𝑡
∑ [ 

𝐴𝑛(𝑓,𝑡)

𝐴𝑜(𝑓,𝑡)
− 1 ]∞

𝑛=1 𝛿𝑡             (7) 

The modified spectral amplitude can be adopted into the volume analysis for adequate 

estimation of reservoir thickness and pore space [9]. Hence, the various pore volume can be 

determine using uni-layer 

𝑉𝑛 = 𝐴𝜑.
𝑠𝑄

𝜋𝑓𝑡
∑ √

𝐴𝑛(𝑓,𝑡)

𝐴𝑜(𝑓,𝑡)

𝑛∞
𝑛=1                (8) 

where A is the area of the pore area, s is the speed of the seismic event, 𝜑 is the porosity. 

3. Geological background of study area 

Most research on Niger-Delta is closely within the border of longitude 3.11o – 9.03o and 

latitude 4.21o – 5.03o. In general, it is made of three formations – Akata, Agbada and Benin 

formations as illustrated earlier in Figure 1. Basically, the Benin formation is made-up of sand 

and gravel (as the shallowest formation); the layer below – Agbada formation is made up of 

sand and shale; the deepest layer is the Akata formation is comprised of shale, sand and silt. 

The origin of each formation from literature may be very complex to articulate [7,9-11]. The 

thickness of the regressive clastic sequence is still unknown but could be estimated-from lite-

rature to have a minimum of 6,000 m [9,12-14]. The thickness of each formation should have a 

minimum of 1200 m. The marine shale facies between the upper Akata formation and the 

lower Agbada formation are evidences of primary source rocks whose properties have been 
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described by the aforementioned literatures. The development of traps, growth faults and 

crest structures is dynamic. Hence, the petroleum system over Niger-Delta may not be static 

in description and literature must be updated to capture its trend per time. Kulke [15] calculate 

the area of the largest regression in the Niger Delta as 300,000 km2. Since Niger-Delta is a sedi-

mentary basin, it necessary to understand the extent of the basic formations. Michele et al. [16] 

calculated the sediment volume and thickness as 500,000 km3 and 10 km respectively. 

4. Numerical analysis of the Spectra Amplitude on the Niger-Delta Field  

The parameters adopted in this section were obtained from Barton [17] i.e. the Q factor 

between 26-200. The frequency is between 450-725 Hz. Though the travel time of S waves 

through the sedimentary rock was estimated by Campbell [18] to be 1.10 sec, we considered 

maximum time of 4 sec to account for  site attenuation parameter which may be dependent 

on either the maximum frequency [19-20] or corner frequency. The spectral amplitude was 

considered to gradually decrease with respect to the depth of the inhomogeneous subsurface. 

We monitored the decrease trends of the SR- method with respect time. We suggest that the 

trend is a vital parameter for understanding the deposit in a complex geology as Niger Delta.  
We maintain the 𝐴𝑛 output using the gradient of the amplitude misfit function (𝛿𝜒) which 

should not be above 8 as shown in Table 1 and 2 which was obtained from the first and second 

term of the spectra amplitude analysis in equation (5). When  𝐴𝑜 is unity, then  𝐴𝑜 ≈ −
𝜋𝑓𝑡

𝑄
. This 

an important resolution which explains that maximum frequency do not have significant effect 

on the site attenuation parameter, hence, the intrinsic attenuation or anelasticity are 
dominant. We considered the n-term within 0.1 ≤ 𝑛 ≤ 0.3 and  0.4 ≤ 𝑛 ≤ 0.6. When 0.1 ≤ 𝑛 ≤ 0.3 

(Table 1), the spectral amplitude ratio increase with respect to time or depth. This occurrence 

may be an advantage in reflection seismic method to determine deposit in difficult terrains. 
The 𝛿𝜒 was below 0.4 at this state. Hence, for multilayer implementation, the different seismic 

sounding is best when 𝛿𝜒 is below 0.5. 

Table 1. First and second term of the spectra amplitude analysis at 0.1 ≤ 𝑛 ≤ 0.3 

Basic Parameters of the first order 𝑛 = 0.1, 𝛿𝜒 =
0.019 

𝑛 = 0.2, 𝛿𝜒 = 0.12 𝑛 = 0.3, 𝛿𝜒 = 0.40 

𝐴𝑜 𝑡 (𝑠) 𝑄 𝑓 (𝐻𝑧) 𝜋𝑓𝑡

𝑄
 

𝐴𝑛 𝐴𝑛(𝑓, 𝑡)

𝐴𝑜(𝑓, 𝑡)
 

𝐴𝑛 𝐴𝑛(𝑓, 𝑡)

𝐴𝑜(𝑓, 𝑡)
 

𝐴𝑛 𝐴𝑛(𝑓, 𝑡)

𝐴𝑜(𝑓, 𝑡)
 

1 10 26 450 1.88 1.88 1.88 3.52 3.52 6.62 6.62 

0.9 30 46 480 1.99 1.79 1.99 3.57 3.97 7.11 7.9 

0.8 60 66 510 2.07 1.66 2.07 3.43 4.29 7.11 8.89 

0.7 90 86 540 2.11 1.48 2.11 3.13 4.46 6.6 9.43 

0.6 120 106 570 2.14 1.28 2.14 2.75 4.58 5.89 9.82 

0.5 150 126 600 2.16 1.08 2.16 2.34 4.68 5.06 10.1 

0.4 180 146 630 2.18 0.87 2.18 1.9 4.76 4.15 10.4 

0.3 210 166 660 2.2 0.66 2.2 1.45 4.83 3.18 10.6 

0.2 240 186 690 2.21 0.44 2.21 0.98 4.89 2.16 10.8 

0.1 270 200 720 2.23 0.22 2.23 0.5 4.98 1.11 11.1 

Also, as the 'n' term increases, the spectra amplitude ratio increases. Therefore, under a 

controlled seismic process, when high-frequency seismic energy are administered, a decrease 

in the seismic amplitude occurs, however, there is a corresponding increase in the spectra 

amplitude ratio in a multi-layer implementation. This idea further affirms the advantage of the 
SR method in exploration activities. When 0.4 ≤ 𝑛 ≤ 0.6(Table 2), it is observed that the SR-

time dependent method stabilizes fluctuation or attenuation noticed in 𝐴𝑛 at any depth or time. 
  

322



Petroleum and Coal 

                         Pet Coal (2017); 59(3): 319-326 
ISSN 1337-7027 an open access journal 

Table 2. First and second term of the spectra amplitude analysis at 0.4 ≤ 𝑛 ≤ 0.6 

Basic Parameters of the first order 𝑛 = 0.4, 𝛿𝜒 =
1.14 

𝑛 = 0.5, 𝛿𝜒 = 2.96 𝑛 = 0.6, 𝛿𝜒 = 7.28 

𝐴𝑜 𝑡 (𝑠) 𝑄 𝑓 (𝐻𝑧) 𝜋𝑓𝑡

𝑄
 

𝐴𝑛 𝐴𝑛(𝑓, 𝑡)

𝐴𝑜(𝑓, 𝑡)
 

𝐴𝑛 𝐴𝑛(𝑓, 𝑡)

𝐴𝑜(𝑓, 𝑡)
 

𝐴𝑛 𝐴𝑛(𝑓, 𝑡)

𝐴𝑜(𝑓, 𝑡)
 

1 10 26 450 1.88 12.4 12.4 23.3 23.3 43.8 43.8 

0.9 30 46 480 1.99 14.2 15.7 28.2 31.4 56.2 62.4 

0.8 60 66 510 2.07 14.7 18.4 30.5 38.2 63.2 79 

0.7 90 86 540 2.11 14 19.9 29.5 42.1 62.3 89 

0.6 120 106 570 2.14 12.6 21 27 45 57.8 96.4 

0.5 150 126 600 2.16 10.9 21.9 23.7 47.4 51.2 102 

0.4 180 146 630 2.18 9.06 22.6 19.8 49.4 43.1 108 

0.3 210 166 660 2.2 6.99 23.3 15.4 51.2 33.7 112 

0.2 240 186 690 2.21 4.78 23.9 10.6 52.9 23.4 117 

0.1 270 200 720 2.23 2.48 24.8 5.52 55.2 12.3 123 

It was also observed that when 0.4 ≤ 𝑛 ≤ 0.6,  𝛿𝜒 > 1, hence at higher multilayer imple-

mentation, the tendency of a higher misfit which may be error prone. We observed the misfit 
trends for the multilayered terms in Figure 2. While 0.1 ≤ 𝑛 ≤ 0.3 the misfit trend is near 

perfect, the accuracy when n = 0.4 may be reliable in exploration. The accuracy of  𝑛 ≥ 0.5 is 

somewhat questionable. 
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Figure 2: Misfit trends in a multi-layered SR-time dependent method 

The third term spectra amplitude analysis at 0.1 ≤ 𝑛 ≤ 0.3 was considered as shown in Table 

3. The accuracy for the third term spectra analysis was within 0.1 ≤ 𝑛 ≤ 0.2. The accuracy at 

first and second term is the same with third term at n = 0.019. As shown in the previous 

tables, the third term could also stabilized fluctuation or attenuations on the amplitude per 
time or depth. The fourth term spectra amplitude analysis at 0.1 ≤ 𝑛 ≤ 0.3 was considered as 

shown in Table 4. Like the third term, the accuracy was within 0.1 ≤ 𝑛 ≤ 0.2. The most accurate 

result was discovered at n = 0.1 of the fourth term. Hence, it is preferably to test the fourth 

term of the SR-time dependent method. In the next session we shall be applying the SR-time 

dependent method in a known oil field in Niger-Delta. 
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Table 3. Third term spectra amplitude analysis at 0.1 ≤ 𝑛 ≤ 0.3 

Basic Parameters of the first order 𝑛 = 0.1, 𝛿𝜒 =
0.019 

𝑛 = 0.2, 𝛿𝜒 = 0.27 𝑛 = 0.3, 𝛿𝜒 = 1.79 

𝐴𝑜 𝑡 (𝑠) 𝑄 𝑓 (𝐻𝑧) 𝜋𝑓𝑡

𝑄
 

𝐴𝑛 𝐴𝑛(𝑓, 𝑡)

𝐴𝑜(𝑓, 𝑡)
 

𝐴𝑛 𝐴𝑛(𝑓, 𝑡)

𝐴𝑜(𝑓, 𝑡)
 

𝐴𝑛 𝐴𝑛(𝑓, 𝑡)

𝐴𝑜(𝑓, 𝑡)
 

1 10 26 450 1.88 1.76 1.76 6.21 6.21 21.9 21.9 

0.9 30 46 480 1.99 1.79 1.98 7.08 7.87 28.1 31.2 

0.8 60 66 510 2.07 1.72 2.15 7.37 9.21 31.6 39.5 

0.7 90 86 540 2.11 1.56 2.23 6.98 9.97 31.2 44.5 

0.6 120 106 570 2.14 1.38 2.29 6.31 10.5 28.9 48.2 

0.5 150 126 600 2.16 1.17 2.34 5.47 10.9 25.6 51.2 

0.4 180 146 630 2.18 0.95 2.38 4.53 11.3 21.5 53.9 

0.3 210 166 660 2.2 0.72 2.41 3.5 11.7 16.9 56.2 

0.2 240 186 690 2.21 0.49 2.44 2.39 12 11.7 58.5 

0.1 270 200 720 2.23 0.25 2.49 1.24 12.4 6.16 61.6 

Table 4. Fourth term spectra amplitude analysis at 0.1 ≤ 𝑛 ≤ 0.3 

Basic Parameters of the first order 𝑛 = 0.1, 𝛿𝜒 =
0.006 

𝑛 = 0.2, 𝛿𝜒 = 0.37 𝑛 = 0.3, 𝛿𝜒 = 5.11 

𝐴𝑜 𝑡 (𝑠) 𝑄 𝑓 (𝐻𝑧) 𝜋𝑓𝑡

𝑄
 

𝐴𝑛 𝐴𝑛(𝑓, 𝑡)

𝐴𝑜(𝑓, 𝑡)
 

𝐴𝑛 𝐴𝑛(𝑓, 𝑡)

𝐴𝑜(𝑓, 𝑡)
 

𝐴𝑛 𝐴𝑛(𝑓, 𝑡)

𝐴𝑜(𝑓, 𝑡)
 

1 10 26 450 1.88 1.1 1.1 7.29 7.29 48.3 48.3 

0.9 30 46 480 1.99 1.19 1.32 9.37 10.4 74 82.2 

0.8 60 66 510 2.07 1.19 1.48 10.5 13.2 93.7 117 

0.7 90 86 540 2.11 1.1 1.57 10.4 14.8 98 140 

0.6 120 106 570 2.14 0.98 1.64 9.64 16.1 94.6 158 

0.5 150 126 600 2.16 0.84 1.69 8.54 17.1 86.4 173 

0.4 180 146 630 2.18 0.69 1.73 7.18 18 74.5 186 

0.3 210 166 660 2.2 0.53 1.77 5.62 18.7 59.7 199 

0.2 240 186 690 2.21 0.36 1.8 3.9 19.5 42.1 211 

0.1 270 200 720 2.23 0.19 1.85 2.05 20.5 22.8 228 

5. Application to the field data 

The fields considered in this session is located in Niger-Delta and christened X-field. This 

section is aimed at estimating the volumetric analysis of hydrocarbon reserves. The porosity 

was given as 32.5%, the area of the reservoir was given as 5.29 km2 [14]. The volumetric table 

for multi-layer implementation was generated from equation (8) as shown in Table 5.  

The volume obtained from Ameloko and Owoseni [21] for the total Gross Rock Volume is 

shown on the green box in Table 5. This means that seismic reflection parameters within same 

field could generate any result within the column. For example, the volume of hydrocarbon 

obtained by Aigbedion and Aigbedion [22] can be found in the yellow box in Table 5. The two 

outcomes gotten by the authors correspond sequentially with volumetric table. Similarly the 

result of Ihianle et al. [9] falls within the same column (blue box) as Aigbedion and Aigbedion [22]. 

Intuitively, the volume of a hydrocarbon reserves could originate two columns either within 

same term or dissimilar terms. The importance of the volumetric table is to further affirm the 

results reflective seismic technique. It enables researcher to determine the q-factor of results 

for further probe; it enables the determination of depth of reservoir via the SR-time dependent 

method; and it enables the estimation of the areal extent of the hydrocarbon accumulation. 
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Table 5. Volumetric table for multi-layer implementation  

 Second Term 
Volume analysis 

Third term  Volume analysis Fourth  term  Volume analysis 

𝒕 (𝒔) 𝑽𝟎.𝟏,𝟎.𝟐,𝟎.𝟑 𝑽𝟎.𝟏 𝑽𝟎.𝟐 𝑽𝟎.𝟑 𝑽𝟎.𝟏 𝑽𝟎.𝟐 𝑽𝟎.𝟑 

10 3458 1835.244 58727.81 186449.2 16.8908 131342.8 2602107 

30 3458 3319.398 106220.7 337229.8 55.25621 429672.3 8512480 

60 3458 4916.23 157319.4 499457.8 121.2067 942503.6 18672470 

90 3458 5992.286 191753.1 608778.3 180.0725 1400244 27741020 

120 3458 6842.344 218955 695138.8 234.786 1825696 36169896 

150 3458 7574.023 242368.8 769472.8 287.684 2237031 44319078 

180 3458 8235.972 263551.1 836722.6 340.167 2645139 52404331 

210 3458 8853.395 283308.6 899448.8 393.081 3056598 60555984 

240 3458 9440.654 302100.9 959110.6 446.9578 3475544 68855964 

270 3458 10306.73 329815.4 1047099 532.7265 4142481 82069033 

6. Conclusion 

The SR time-dependent method is reliable in that it initiates a natural correction to the 

attenuated seismic amplitude. Also, the multi-layer implementation showed great success with 

the most accurate result at n = 0.1 for the fourth term. Most volumetric results from the 

Niger-Delta showed correspondence with the volumetric analysis for the fourth term. One of 

the volumetric result was obtained in the third term. This further affirms the success of the 

SR time-dependent method in a complex geological setting as Niger-Delta. The derivation of 

the volumetric table is to further enhance a more accurate exploration using the reflective 

seismic technique. 
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