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Abstract: Since the discovery of the hydrocarbon micro-tremors, there have been 
numerous efforts to understand the causes of these microseisms related to oil and gas. A 
spectral ratio (SR) time-dependent equation was derived based on geological principles. 
The equation showed tremendous success in analyzing multi-layered geological terrain and 
estimating the spectral ratio in the Niger Delta region of Nigeria. This study seeks to 
develop a reliable model using standard seismic reflection data to analyze microseismic 
datasets from hydrocarbon reservoirs. Type A-SR acts over a longer duration and can be 
used to determine hydrocarbon reservoirs. Type B-SR acts in a short time with maximum 
impact. It can be used to determine gas condensate flow in the hydrocarbon reservoir. It is 
recommended that this technique be applied in real time to ascertain its accuracy. 
Keywords: Niger Delta, Microseismic, Amplitude, Special ratio, Geology. 
 

 

Introduction 
The outcomes of seismic investigations have 

increasingly become complex due to puzzling 
geological features within the subsurface and 
depositional trends [1]. Advances in new 
technologies and numerically efficient 
computing systems have provided an in-depth 
understanding of subsurface complexity [2]. 
However, a few anomalies in understanding the 
subsurface may stem from the foundational 
theories of the equipment or technique used. So 
far, numerical solutions of mathematically 
derived seismic attributes are salient in pre-
modeling complex situations. Thus, this concept 
is a critical part of the model-building technique 
for the determination of seismic imaging and 
attribute anomalies.  

The horizontal-to-vertical (H/V) spectral ratio 
of the seismic noise technique has gained wide 
usage since it was proposed by Nogoshi and 
Igarashi [3, 4]. This technique has proven to be 
very useful in a deltaic environment for 

characterizing the sediments on top of the 
bedrock [5-7]. The technique basically computes 
the ratio between the Fourier amplitude spectra 
of the horizontal and vertical components of 
seismic noise measurements, as depicted in the 
formula below: 
ு
௏

= ௌಿೄାௌಶೈ
ଶ∗ௌೇ

            (1) 

where SNS, SEW, and SV are the magnitudes of the 
smoothed Fourier spectra of the north-south, 
east-west, and vertical components, respectively. 
The experimental factors often affect the H/V 
spectral ratio (HVSR) results. These factors 
include complex geological terrains, subsalts, 
formations beneath volcanic rocks, formations 
with low acoustic impedance contrast, and 
seismic damage distributions [8, 9]. Also, the 
general trends of the H/V technique indicate that 
horizontal motion is larger than vertical motion 
on soft ground, while horizontal and vertical 
motions are similar on hard ground. This can 
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pose a major challenge when the geology terrain 
includes integrated profiles of hard and soft 
ground or rock formations. 

Basically, the HVSR is mainly obtained from 
microtremor surveys. Beyond its above-listed 
application, the HVSR technique is now adopted 
in oil and gas exploration for estimating drilling 
risk and monitoring reservoirs [10, 11]. Haris et 
al. compared the results of microtremor surveys 
and time-reverse modeling (TRM) over a 
hydrocarbon reservoir [12]. It was observed that 
HVSR showed a potential hydrocarbon zone, 
while TRM predicted the depth range of this 
zone. HVSR is used for modeling sedimentary 
basins using a simple two-layer model, 
consisting of node side (hard rock basement) and 
open-end (surface of the basin).  

Hydrocarbon reservoirs within the 
sedimentary basin act as frequency converters, 
producing a unique spectral signature that is used 
as a direct hydrocarbon indicator. Many 
companies have affirmed that low-frequency 
passive seismic anomalies are common features 
of hydrocarbon reservoirs [13, 14].  

However, the quality of signal resolution is 
quite important as it helps clarify the effects of 
some geological features. Q estimation is widely 
used, as it is a proven tool to obtain better signal 
resolution via inverse Q filtering principles. Q 
refers to the attenuation factor of the transmitted 
seismic wavelet. Various scientists who have 
worked on the building technique of seismic 
technologies have made discoveries that show 
the dynamism of the subsurface. For example, 
the cyclic succession of sand and shale 
properties was used to create a 1D seismic model 
for lithological elements [15]. The Q estimation 
factor for quantifying attenuation has been used 
to characterize rock properties, reservoir 
heterogeneity, and subtle geological structures 
[14, 16, 17]. Q can also be used in reservoir 
characterization [17].  

It has been established that the zero-offset 
ray-tracing technique for primary P waves is 
efficient for creating a 2D seismic model to 
predict the seismic responses of geological 
features [18]. Therefore, Q-factor can be derived 
from transmission data, such as vertical seismic 
profiling (VSP) data [19], crosswell dataset [20], 
and sonic logging datasets [21]. Q estimation 

depends on frequency shifts in the geological or 
geotechnical setting. Li et al. [17] used this 
concept (frequency shifting) to prevent the 
exponential decay of seismic amplitude with 
respect to time and depth. In other words, Q 
estimation is largely dependent on theoretical 
configurations. These configurations include 
time-domain modification of the spectral ratio 
method [22], statistical analysis of spectral ratio 
[23], frequency shift method [17], and spectral 
ratio time-dependent method [24], all of which 
are essential for fieldwork to obtain Q-factor. 

Since the discovery of hydrocarbon 
microtremors, there have been numerous efforts 
to understand the causes of this phenomenon 
related to oil and gas [25]. In this paper, the 
time-dependent spectral ratio (TDSR) is 
modified to enable the use of standard seismic 
reflection data to analyze the microseismic 
emissions from hydrocarbon reservoirs. The 
second section of the paper introduces the 
theoretical formulations. The mathematical 
implications of the technicalities of the theory 
are explained in the third section. The 
application of the new theory to an oil field is 
illustrated in the fourth section. The oil field is 
located in the Niger Delta region of Nigeria. The 
surface geology of the region is illustrated in the 
red box in Fig. 1. 

Background Theories and 
Formulation 

Seismic waves lose energy and magnitude of 
frequency when traveling through the subsurface 
of the Earth. The time-frequency decomposition 
S (τ,ω) of a seismic trace s(t) in the presence of 
inelastic attenuation Q and time-varying 
amplitude is given as: 

ܵ(߬, ߱) = ܹ(߱) × (߬)ܣ × ݌ݔ௢݁ܣ ቀ ିఠఛ
ଶொ(ఛ)

ቁ      (2) 

where ω is the frequency, τ is the time, W (ω) 
represents the frequency/amplitude spectrum of 
the underlying wavelet, A(τ) is the time-varying 
amplitude effect, and ܣ௢݁݌ݔ ቀ ିఠఛ

ଶொ(ఛ)
ቁ defines the 

time-varying Q contribution. Most researchers 
have tried to modify the amplitude using a 
constant Q model: 

(݂)௡ܣ = (݂)௢ܣ exp(− గ௙௧
ொ

)           (3) 
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FIG. 1. Surface geology of Nigeria with the Niger Delta region within the red box (Adapted from [36]). 

Emetere et al. modified the ratio of the 
amplitude in Eq. (3) and used Maclaurin's series 
to simulate the multilayer implementation of 
seismic signals through the subsurface [24]. 
From the amplitude misfit function and its 
corresponding gradient, the volume of 
hydrocarbons can be estimated using a multi-
layer probe. 

௡ܸ = .߮ܣ ௦ொ
గ௙௧

∑ ට஺೙(௙,௧)
஺೚(௙,௧)

೙ஶ
௡ୀଵ           (4) 

where A is the area of the areal extent of the 
deposition, s is the speed of the seismic probe, 
and ߮ is the porosity. 

In this research, the time-frequency 
decomposition of two geographical points within 
the same location was adopted to modify Eq. (2). 
The mathematical implication is illustrated in 
Eq. (5). Technically, the reason for adopting two 
seismic signals is to capture the conversion 
processes as microseismic events come from 
passive seismology, while seismic reflection-
wave surveys are related to active methods of 
seismic exploration [26]. 

ܵ(߬, ߱) = ܹ(߱௡ − ߱ଵ) × ௡߬)ܣ − ߬ଵ) ×
݌ݔ௢݁ܣ ቀି(ఠ೙ିఠభ)(ఛ೙ିఛభ)

ଶொ((ఛ೙ିఛభ))
ቁ           (5) 

where ܹ(߱) = sin(2݊߬߱ߨ) + cos(2݊߬߱ߨ) 

Hence, adopting the assumption that ߱௡߬ଵ =
0 ܽ݊݀ ߱ଵ߬௡ = 0, the expanded Eq. (5) becomes: 

ܵ(߬, ߱) = {sin (2݊߱ߨଵ߬ଵ(cos(2݊߱ߨ௡߬௡) −
sin(2݊߱ߨ௡߬௡)) +
cos (2݊߱ߨଵ߬ଵ(sin(2݊߱ߨ௡߬௡) +
cos(2݊߱ߨ௡߬௡))} × (߬∆)ܣ ×
݌ݔ௢݁ܣ ቀఠభఛభିఠ೙ఛ೙

ଶொ(∆ఛ)
ቁ            (6) 

Dividing Eq. (6) by Eq. (5) under the 
assumption that ܳ(߬) ≈ ܳ(∆߬), we get: 
஺(∆ఛ)
஺(ఛ)

=
ୱ୧୬(ଶ௡గఠఛ)ାୡ୭ୱ(ଶ௡గఠఛ)

ୱ୧୬ (ଶ௡గఠభఛభ(ୡ୭ୱ(ଶ௡గఠ೙ఛ೙)ିୱ୧୬(ଶ௡గఠ೙ఛ೙))
ାୡ୭ୱ (ଶ௡గఠభఛభ(ୱ୧୬(ଶ௡గఠ೙ఛ೙)ାୡ୭ୱ(ଶ௡గఠ೙ఛ೙))

×

݌ݔ݁  ቀ ఠభఛభ
ଶொ(ఛ)

ቁ             (7) 

or  
஺(∆ఛ)
஺(ఛ)

=
ୱ୧୬(ଶ௡గఠఛ)ାୡ୭ୱ(ଶ௡గఠఛ)

ୱ୧୬ (ଶ௡గఠభఛభ(ୡ୭ୱ(ଶ௡గఠ೙ఛ೙)ିୱ୧୬(ଶ௡గఠ೙ఛ೙))
ାୡ୭ୱ (ଶ௡గఠభఛభ(ୱ୧୬(ଶ௡గఠ೙ఛ೙)ାୡ୭ୱ(ଶ௡గఠ೙ఛ೙))

×

݌ݔ݁  ቀିଶఠభఛభାఠ೙ఛ೙
ଶொ(ఛ)

ቁ           (8) 

However, based on the estimation of 
individual seismic signals at each geographical 
point, Eqs. (7) and (8) can be simplified into : 
஺(∆ఛ)
஺(ఛ)

=
ୱ୧୬(ଶ௡గఠ೙ఛ೙)ାୡ୭ୱ(ଶ௡గఠ೙ఛ೙)

ୱ୧୬ (ଶ௡గఠభఛభ(ୡ୭ୱ(ଶ௡గఠ೙ఛ೙)ିୱ୧୬(ଶ௡గఠ೙ఛ೙))
ାୡ୭ୱ (ଶ௡గఠభఛభ(ୱ୧୬(ଶ௡గఠ೙ఛ೙)ାୡ୭ୱ(ଶ௡గఠ೙ఛ೙))

×

݌ݔ݁  ቀ ఠభఛభ
ଶொ(ఛ)

ቁ            (9) 

or  
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஺(∆ఛ)
஺(ఛ)

=
ୱ୧୬(ଶ௡గఠ೙ఛ೙)ାୡ୭ୱ(ଶ௡గఠ೙ఛ೙)

ୱ୧୬ (ଶ௡గఠభఛభ(ୡ୭ୱ(ଶ௡గఠ೙ఛ೙)ିୱ୧୬(ଶ௡గఠ೙ఛ೙))
ାୡ୭ୱ (ଶ௡గఠభఛభ(ୱ୧୬(ଶ௡గఠ೙ఛ೙)ାୡ୭ୱ(ଶ௡గఠ೙ఛ೙))

×

݌ݔ݁  ቀିଶఠభఛభାఠ೙ఛ೙
ଶொ(ఛ)

ቁ         (10) 

஺(∆ఛ)
஺(ఛ)

=
ୱ୧୬(ଶ௡గఠభఛభ)ାୡ୭ୱ(ଶ௡గఠభఛభ)

ୱ୧୬ (ଶ௡గఠభఛభ(ୡ୭ୱ(ଶ௡గఠ೙ఛ೙)ିୱ୧୬(ଶ௡గఠ೙ఛ೙))
ାୡ୭ୱ (ଶ௡గఠభఛభ(ୱ୧୬(ଶ௡గఠ೙ఛ೙)ାୡ୭ୱ(ଶ௡గఠ೙ఛ೙))

×

݌ݔ݁  ቀ ఠభఛభ
ଶொ(ఛ)

ቁ          (11) 

or  
஺(∆ఛ)
஺(ఛ)

=
ୱ୧୬(ଶ௡గఠభఛభ)ାୡ୭ୱ(ଶ௡గఠభఛభ)

ୱ୧୬ (ଶ௡గఠభఛభ(ୡ୭ୱ(ଶ௡గఠ೙ఛ೙)ିୱ୧୬(ଶ௡గఠ೙ఛ೙))
ାୡ୭ୱ (ଶ௡గఠభఛభ(ୱ୧୬(ଶ௡గఠ೙ఛ೙)ାୡ୭ୱ(ଶ௡గఠ೙ఛ೙))

×

݌ݔ݁  ቀିଶఠభఛభାఠ೙ఛ೙
ଶொ(ఛ)

ቁ         (12) 

Numerical Analysis of the Spectral 
Amplitude on the Niger Delta Field  

The parameters adopted in this section were 
obtained from Barton, where the Q factor ranged 
between 26 and 200 and the frequency between 
450 and 725 Hz [27]. Though the travel time of 
S waves through the sedimentary rock was 
estimated by Campbell to be 1.10 s [28], a 
maximum time of 4 s was considered to 
accommodate the physics of the site attenuation 
(Q) parameter, which may dependend on either 
the maximum frequency [29, 30] or corner 

frequency. The spectral amplitude was observed 
to gradually decrease with depth in the 
inhomogeneous subsurface. The decrease trend 
of the SR method with respect to time was 
monitored as shown in Figs. 2-4.  

Figure 2(a) presents a scenario where 
,݂)௡ܣ ,݂)௢ܣ and (ݐ  .are in their original forms (ݐ
The amplitude misfit is highest at the maximum 
spectral and modified amplitudes. The 
projections of the spectral and modified 
amplitudes are shown in Figs. 2(b) and 2(c). 
These features suggest that the trends of the 
spectral and modified amplitudes are critical for 
understanding deposits incomplex geological 
settings like the Niger Delta. This is because the 
distribution of sub-weathering velocities in the 
subsurface is affected by high-velocity 
Palaeozoic carbonates and lower-velocity 
Cretaceous clastic [31]. When a multi-layered 
petroleum system is considered in the complex 
geometry, as described by Eq. (4), the 
distribution of sub-weathering velocities 
changes, as shown in Figs. 3-4. Figures 3(a) and 
4(a) depict the sine and cosine forms of the 
amplitude misfit under the influence of the 
individual spectral and modified amplitudes. 

Application of Spectral Amplitude: 
Case Study of the Niger Delta Field  

The cross-sectional profile of the Akata 
Formation in the Niger Delta region of Nigeria is 
presented in Fig. 5.  

 
FIG. 2(a). ܣ௡(݂, ,݂)௢ܣ and (ݐ  .in their original form (ݐ
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FIG. 2. (b) The misfit amplitude projection under the influence of ܣ௢(݂,  The misfit amplitude projection (c) .(ݐ

under the influence of ܣ௡(݂,  .(ݐ

 
FIG. 3(a). ܣ௡(݂, ,݂)௢ܣ and (ݐ  .in their sine form (ݐ

 
FIG. 3. (b) The misfit amplitude projection under the influence of the sine form of ܣ௢(݂,  The misfit (c) .(ݐ

amplitude projection under the influence of the sine form of ܣ௡(݂,  .(ݐ
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FIG. 4(a). ܣ௡(݂, ,݂)௢ܣ and (ݐ  .in their cosine form (ݐ

 
FIG. 4. (b) The misfit amplitude projection under the influence of the cosine form of ܣ௢(݂,  The misfit (c) .(ݐ

amplitude projection under the influence of the cosine form of ܣ௡(݂,  .(ݐ

 
FIG. 5. The depth profile of the Niger Delta region [32]. 
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The Akata Formation is known to have the 
highest number of hydrocarbon reservoirs in the 
Niger Delta [33-35]. The primary source rocks in 
the Niger Delta petroleum system include the 
upper Akata Formation, the marine-shale facies 
of the delta, and the interbedded marine shale of 
the lowermost Agbada Formation. The higher-
density delta-front sands in the Agbada 
Formation and the under-compacted delta-slope 
clays in the Akata Formation influence seismic 
transmission in the Niger Delta as presented in 
Fig. 5 [32].  

In this study, the depth profile analysis of the 
Akata Formation is illustrated in Fig. 6. Two 
seismic signals are presented in Fig. 6. The 
source of the dataset is documented in Tuttle et 
al. [32]. The iso-reflectance (Ro) values and 
their corresponding depths are 0.6 at 2.5 km, 0.8 
at 3.2 km, 1.2 at 4.2 km, and 2.0 at 5.4 km. 

The theory presented in Eqs. (2)-(12) 
propounds that two seismic signals within the 
same geographical site can generate 
microseismic events, which are used to 
determine salient geological features, such as 
hydrocarbon reservoirs. The two seismic signals 
presented in Fig. 6 are analyzed at two different 
depths: 6 km and 7 km. The combined effect of 
the two seismic signals depends on the reference 
frame chosen. If the higher seismic signal is used 
as the reference, Eq. (7) applies. Similarly, if the 
lower seismic signal is the reference, Eq. (8) is 
applied. Furthermore, Eqs. (7) and (8) can be 
classified into individual seismic signals, as 
presented in Eqs. (9)-(12). Equation (12) is 
referred to as case 1, Eq. (10) as case 2, Eq. (11) 
as case 3, and Eq. (9) as case 4. 

 
FIG. 6. Depth profile of two close seismic signals in Akata Formation. 

The spectral ratio against the depth for 
݌ݔ݁ ቀିଶఠభఛభାఠ೙ఛ೙

ଶொ(ఛ)
ቁ is presented in Fig. 7. This 

scenario reflects a situation where the lower 
seismic signal dominates the microseismic 
events. Usually, the microtremors of 
hydrocarbons have energy in the low-frequency 
spectrum. Hence, there is a possibility of wave 
superposition if an experiment is carried out in 
real time. In this case, it was observed that the 
hydrocarbon microtremor (HDM) could be 
found within 6-7 km depth in the Niger Delta 
region. This spectral ratio, termed Type A-SR, is 
generally lower compared to scenarios where 
higher seismic signals dominate, as presented in 
Fig. 8.  

The advantage of the latter scenario, where a 
larger seismic signal dominates the micro-

seismic event, is its potential to locate the gas 
condensate flows, found at the depth of 1850 m 
in this study. It is salient to note that the above 
condition leads to spectral ratio attenuation to 
zero at lower depths (Fig. 8). This type of 
spectral ratio is named Type B-SR. The 
hypothesis in this regard is that there will be 
spectral ratio quenching at higher depths when 
the seismic signal is ݁݌ݔ ቀ ఠభఛభ

ଶொ(ఛ)
ቁ. 

The analysis of the spectral ratio versus the 
geological time scale is presented in Figs. 9 and 
10. Type A-SR has a broad operational duration 
with its maximum at 18 s (Fig. 9). Hence, the 
HDM can also be estimated at a maximum (type 
A) spectral ratio when the exponential 
conversion from the seismic reflection wave 
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survey to the micro-seismic event is 
ቀିଶఠభఛభାఠ೙ఛ೙

ଶொ(ఛ)
ቁ. Also, it was observed that the 

Type B-SR acts within a short time at high 

magnitude (Fig. 10) when the exponential 
conversion from the seismic reflection wave 
survey to the micro-seismic event is ቀ ఠభఛభ

ଶொ(ఛ)
ቁ.  

 
FIG. 7. Spectral ratio variation within ݁݌ݔ ቀିଶఠభఛభାఠ೙ఛ೙

ଶொ(ఛ)
ቁ depth profile. 

 
FIG. 8. Spectral ratio variation within ݁݌ݔ ቀఠభఛభ

ଶொ(ఛ)
ቁ depth profile. 
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FIG. 9. Spectral ratio variation within ݁݌ݔ ቀିଶఠభఛభାఠ೙ఛ೙

ଶொ(ఛ)
ቁ geologic time scale. 

 
FIG. 10. Spectral ratio variation within ݁݌ݔ ቀఠభఛభ

ଶொ(ఛ)
ቁ geologic time scale. 

In other words, the actual determination of 
the HDM depends on the seismic signal and the 
geological profiles of a geographical location. 

Conclusion 
These features of the SR time-dependent 

method suggest that the trend of the spectral and 
modified amplitudes is a vital parameter for 
understanding deposits within the complex 
geology of a petroleum system. The distribution 
of sub-weathering velocities in the subsurface is 
determined by the magnitude of the spectral and 
modified amplitudes. The adoption of the SR 

time-dependent method in a complex geological 
setting, such as the Niger Delta, depends on the 
active to passive seismic conversion process 
between two seismic signals within the same 
geographical location. Two types of spectral 
ratios were proposed. Type A spectral ratio acts 
over a longer time and can be used to determine 
hydrocarbon reservoirs. Type B spectral ratio 
acts over a shorter time with maximum impact 
and can be used to detect gas condensate flow in 
the hydrocarbon reservoir. It is recommended 
that this technique be applied in real time to 
ascertain its accuracy. 
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