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Abstract: Rock physics and AVO reflectivity and impedance techniques were carried out in an integrated
approach to delineate and characterize lithology and fluid effects, as well as map the seismic signature in a soft
sandstone reservoir in a deep water block located 25 km offshore, and belonging to the Biafra member of the
Agbada formation in the eastern part of the Niger Delta Basin. The study is part of an effort to support seismic
data interpretation and ultimately reduce exploration risks associated with deepwater environments. The
reservoir sand was qualitatively interpreted to be composed of gas and water, on the basis of its GR, resistivity
and density-neutron signatures. Two fluid scenarios were studied comprising different gas saturations (5%,
25%, 50%, 75%, 100%) and a complete water flood. Fluid replacement modeling comprising end member cases
of complete brine saturation, 100% gas and 100% oil saturation were also studied for comparison. The
Castagna’s mud rock line relationship was used to derive the in-situ shear wave log while the linearized
Zeoppritz equations were used to model the seismic response at the top of the reservoir by the introduction of
the various fluids using the Gassmann’s equations. The modeling results indicate that the sandstone reservoir
exhibits a Class IV amplitude anomaly, and the Gassmann’s simulated reservoir fluids could be clearly
delineated within the reservoir except for the in-situ case using log data alone. This result further underscores
the application of the Gassmann’s fluid replacement modeling in reservoir seismic amplitude studies.
Investigation of the AVO characteristics of the true relative amplitude preserved 3D pre-stack time migration
full offset (220 m — 6,320 m) field CDP seismic gathers obtained from the block also highlighted the same Class
IV AVO anomaly with similar characteristics, suggesting that this is the signature of gas sands in the deep
reservoirs of the offshore block studied. The rock physics relations A — i — p, Poisson’s Ratio and P-

Impedance were most effective in discriminating the gas sands. Their cross-plots generated clusters of points
well separated from the background trend. The reservoir is soft sand, and the negative AVO anomaly generated
at its top could have been due to a decrease in Vp/Vs_Ratio and Poisson’s Ratio in relation to the overlying
hard-shale layer. The result also revealed amplitude anomalies away from the well bore, identifying possible
zones of prospective exploration interests.

Keywords: Attribute analysis, AVO anomaly, fluid replacement modeling, pre-condition, seismic response.

I.  Introduction

The amplitudes recorded on a seismic trace are due to contrasts in the elastic properties of rock
materials at the boundary separating two half-spaces. The elastic properties basically include compressional and
shear wave velocities and density. The elastic properties in turn, are affected by the physical parameters of the
rock, such as lithology, porosity, pore fluid and pressure [1].

Amplitude variation with offset (AVO) is a prominent seismic attribute which is widely employed in
hydrocarbon detection, lithology identification and reservoir fluid identification, as a result of the fact that
seismic amplitudes at the boundaries are affected by variations of the rock physical properties just above and
below the boundaries [2]. A compressional seismic energy incident obliquely at an interface generates P- and S-
waves which are both reflected and transmitted at the interface. [3] and [4], utilizing the concepts of
conservation of stress and displacement across an interface, derived the amplitudes of the reflected and
transmitted waves at the layer boundary. The Knott-Zeoppritz equations satisfying four boundary conditions for
the reflected and transmitted P- and S-waves in are the following forms [5].

A Cos 6, -B; Sin h +A, CosH2 +B, Sin $, =R CosH1 1
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The variation of the reflection coefficients with angle or offset forms the basis of AVO analysis.

The Knott-Zeoppritz equations are notoriously complex [1], and visualizing how seismic amplitudes
are affected by the individual rock physical properties is very difficult [6]. A number of researchers [7], [8], [9],
[10], [11], [12] have given simplifications and approximations to the Knott-Zeoppritz equations to be able to
apply them [13]. The Aki and Richards approximation is appealing because it is parameterized in terms of
changes in three terms across an interface; the first involving P-wave velocity, the second involving S-wave
velocity and the third involving the density velocity. In matrix form, the Aki-Richards equation is written as:
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The three-term Aki-Richards equation is given by:
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Vp , Vsand pare average compressional and shear velocity, and density across the interface; AVp,
AVs P and Ap are average change in compressional and shear wave velocity, and density across the interface

and R(¢9)p is the reflection coefficient as a function of angle of incidence.

[14]) algebraically reformulated the equation, separating it into three reflection terms (Equ. 7), each
weaker than the previous term.

R,(0) = A+Bsin’0+Ctan®sin® 0 7
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where
A =1 A—VerA—’O is the intercept
2 Vp Yol
1 AV Vs 2 AV Vs 2 A
B:——p—4— =S 2> op is the gradient
2 Vp Vp Vs Vp Yo,
1 AVp _ o - 0
C= EV—p is the curvature, which is significant for incident angles > 30".

The [14] approximation is the AVO equation utilized for this study.

The use of AVO analysis in hydrocarbon exploration started with the work of [15]. Since then, several
techniques have been used to obtain AVO signature, including conventional AVO attribute study, together with
more recent techniques such as spectral analysis and a modeling-based approach as tools for fluid and lithology
discrimination in clastic environments [13], [16], [17], [18], [19], [20], [21], [22], [23], [24]. All of these works
are aimed at gaining insight and understanding of the reservoir fluid and lithology to aid interpretation and
reduce exploration risks.

[16] classified three classes of AVO anomalies for gas sands encased in shales, namely Class I, 1l and
I1l. Their classification was based only on the P-wave normal incidence reflection coefficient (intercept A).
Class | sands are high impedance sands relative to the overlying shales; they have positive AVO intercept and
reflection coefficient values decrease (i.e. become less positive, implying decrease) with offset, giving a
negative AVO gradient. Class 11 sands have small impedance contrast; the AVO intercept is near zero, but may
be positive or negative. Reflection coefficient values may become less positive or more negative with offset,
giving negative AVO gradient. The reflection amplitudes may therefore increase or decrease with offset. Class
Il sands have lower impedance relative to the overlying shale; AVO intercept is negative, and reflection
coefficient values become more negative (implying increase) with offset, giving negative AVO gradient. Using
a combination of the intercept and gradient, [25] defined a Class IV sands for the case where initially negative
reflection coefficients become less negative (implying decrease) with increasing offset, giving negative intercept
and positive gradient.

In this research, we used a combination of rock physics, AVO modeling and analysis with the objective
of deriving effective AVO attributes to delineate and characterize a sandstone reservoir in a deep water block in
the eastern part of the Niger Delta in terms of its fluid and lithology. [26] describes a method employing basic
rock physics, AVO and seismic amplitude inversion to discriminate fluid using pre-stack seismic data. From the
reviewed literatures, rock physics templates and AVO attributes relevant to the data provided were identified in
an attempt to optimize time and reduce computational complexities on application to the data. The study is part
of an effort to support seismic data interpretation and reduce exploration risks associated with the block, and to
identify exploration development opportunities away from the well location.

Location and Geology

The study area is located in a deep water offshore block, south-eastern part of the Niger Delta (Fig. 1).
The Niger Delta is a prolific hydrocarbon province with a regressive succession of clastic sediments which
reaches a maximum thickness of 10-12 km. The province contains only one identified petroleum system, known
as the Tertiary Niger Delta [27], [28], [29], [30], [31]. The delta is divided into an upper series of massive sands
and gravels (Benin Formation), deposited under continental conditions. This grades downward into interbedded
shallow marine and fluvial sands, silts and clays, which form the paralic sequence of the Agbada Formation.
The Agbada Formation grades into the massive and monotonous marine shales. Most of the hydrocarbons are in
the sandstones of the Agbada Formation, where they are trapped in rollover anticlines fronting growth faults in
channels and barrier sandstone bodies. Offshore deep-water Nigeria is entering its third decade of exploitation
[32]. The sediments in the study area are deposited in the deltaic and prodeltaic environments, with the
reservoirs mainly dominated by interplay of lower and upper shoreface facies, distributary channel facies and
tidal deposits.
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Figure 1: Map of the Niger Delta showing the study area. Major structural features of the delta are
labeled shown over a bathymetric map from [33] (modified from [32].

Il.  Materials and Methods

Data used for this study comprise a suite of well logs containing GR, resistivity, sonic, density and
neutron logs, and a 60-fold pre stack time migrated CDP gathers with offset range of 220 m to 6,320 m. The
reservoir was identified on the basis of its relatively low GR values and high resistivity. The caliper log
indicates that there is no washout in the reservoir. The in-situ reservoir fluid, identified on the basis of the
density-neutron plots is made up of a homogeneous mixture of gas and water. The gas-saturated portion of the
reservoir was identified by its wide neutron-density cross-over, plotted using a sandstone compatible scale. Fig.2
shows the well data and seismic gathers used for the study.

Taa Tnat o
(@) (b)
Figure 2: Section through the well showing the reservoir studied. (a) Well log data showing GR, LLD,
RHOB-NPHI, P-wave logs and reservoir top and base. (b) Section showing RHOB, P-wave and Castagna-
derived S-wave velocity logs, and full offset CDP PSTM gathers at the well location.

In the first instance, we carried out frequency analysis of the seismic gathers at the well location to
have an understanding of the useful frequency range present in the data (Fig. 3).
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Figure 3: Frequency analysis of seismic gathers at the well location. Maximum frequency of 45 Hz was
chosen to be adequate for deriving zero phase wavelet for generation of synthetics.

Thereafter, we performed a well-to-seismic tie to obtain a correction for the P-wave log at the well
location. To achieve this, we used a statistical least squares approach to estimate an initial zero-phase wavelet of
length 180 ms from the seismic data alone, using a maximum frequency of 45 Hz based on Fig. 3. Eleven CDP
gathers, five CDPs on both sides of the well were used for the wavelet estimation. Following from this, a five-
trace synthetic seismogram was generated by convolution of the wavelet and earth reflectivity function at the
well location These were correlated to composite traces computed from the neighboring traces at the well
location to obtain a good match between the well and seismic data. A combination of the well and seismic data
were finally used to obtain a better wavelet which we used to refine the correlation to obtain good match
between the seismic and well data. A corrected sonic P-wave log was then obtained which was used for the rock
physics and AVO modeling and analysis.

Next, we empirically generated an S-wave log from the corrected P-wave sonic log using the
Castagna’s mud rock line relationship and created in-situ synthetic seismic traces using the [14] modification of
the Aki-Richards linearized Zeoppritz equations. Thereafter, we used the standard Biot-Gassmann’s equations
implemented in the Hampson-Russell AVO software to perform fluid replacement modeling. In an initial
iteration, hydrocarbon effects in the compressional, shear and density logs were backed out to represent a truly
brine-bearing case as input to the fluid substitution. Subsequent iterations were performed, whereby gas was
introduced into the reservoir in the order of 5%, 25%, 50%, 75% and 100% respectively. In each fluid
replacement modeling, we created new elastic and density logs and generated synthetic traces. We also modeled
the seismic response for the end member cases of 100% brine, 100%gas and 100% oil for comparison. The
objective was to model the seismic response at the interface between the reservoir and overlying thick shale to
gain an understanding of the observed variation with offset anomaly resulting from changes in fluid saturation
from the in-situ case to the different pore fluid scenarios calculated by the Gassmann’s fluid substitution. In all
the cases, the modeling was carried out at well depths 3,550 ft to 10,400 ft but detailed ray-tracing was done at
the target reservoir depth of 7,502 ft to 7, 640 ft (138 ft reservoir interval). Using rock physics relationships, we
generated crossplots to aid in the litho-fluid discrimination using log data alone.

Lastly, AVO analysis was performed on the CDP gathers. Prior to this, we pre-condioned the gathers
by generating CDP super gathers and applying trim statics, and thereafter converted them from offset to incident
angles. The AVO analysis was performed on the angle gathers.

I11.  Results and Discussion

Fluid replacement modeling from the in-situ fluid to the wet case (100% water) caused a reduction in
both P-wave velocity and density. Fig. 4 shows the result of fluid replacement modeling from the wet case in the
reservoir. The compressional wave velocity and density respectively increased and decreased, with the
introduction of gas into the reservoir, the percentage increase and decrease reducing with increase in gas
saturation. Principally it can be observed on the compressional sonic and density logs that the gas separation is
large enough to make gas visible on the seismic, even at small accumulation in the reservoir. Whereas bulk
density decreased slightly with oil substitution, the compressional velocity was largely unchanged with oil
replacing brine. S-wave velocity marginally increased with gas or oil replacing the in-situ fluid. Fig. 5 shows the
end member fluid substitution cases of 100% gas and 100% oil substitution in comparison to the in-situ case.
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Figure 4: Gassmann fluid replacement modéling: Top: Gas substitution; Bottom: Oil substitution. The
black curve is the wet case and the red is the Gassmann modified log.
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Figure 5: Fluid substitution effects on end member cases: Track 1: Bulk density Track 2: P-wave velocity
Track 3: S-wave velocity (Insitu = Black; 100%Gas = Blue; 100%0il = Red)

Fig. 6 shows AVO attribute logs created from the fluid replacement modeling for the end-member
cases. Both Vp/Vs_Ratio and Poisson’s Ratio decreased across the reservoir substituting to gas or oil from the
in-situ case. The same trend was observed in modeling oil or gas from a fully water saturated case. Vp/Vs_Ratio
and the Poisson’s Ratio are lowest in the gas saturation scenario. The marginal decrease in these AVO attributes
indicate that hydrocarbon effects should be well expressed at seismic scale in the offset domain. Low Vp/Vs and
Poisson’s Ratio in gas saturated conditions may be due to increase in pore pressure [34]. The average effective
porosity across the reservoir is 32.6%. Increased pore pressure tends to make gas less compressible, resulting in
increase in compressional velocity. This probably explains the increase in compressional velocity upon gas
substitution in the deep reservoir from the wet case.
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Figure 6: Vp/Vs_Ratio and Pdilsson’s_ratio across the reservoir. Tflzlck 1: Vp/Vs_Ratio; Track 2:
Poisson’s_Ratio (Black = Insitu case; Red = 100% oil; Blue = 100% gas).

Fig. 7 shows the AVO response from the changes in elastic parameters resulting from the different
fluid substitution scenarios picked from the top of the reservoir at the shale-sandstone boundary. All of the AVO
responses, including the in-situ case, showed decrease in amplitude with offset, having negative reflection
coefficients which became less negative with increasing offset. The results do not belong to any of the three
AVO classifications given by [16], based on intercept only, but agree with the [25] augmented Rutherford and
Williams® classification based on both intercept and gradient. The results show Class IV anomaly, having
negative intercept and positive gradient. The AVO intercept is lowest for the wet case (-1.08). The value
increased, becoming more negative with increase in gas substitution. The AVO intercept was -1.15 at 100% gas
saturation. Class IV sands have been shown to occur when a porous sand is overlain by high-velocity unit, such
as hard shale, siltstone, tightly cemented sand or carbonate, such as is the case in this study where the reservoir
is overlain by a high-velocity shale unit (Fig. 2a).
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Figure 7: Picked events from the reservoir top on synthetic seismograms.

Fig. 8 shows a concatenated synthetic CDP gather of the in-situ and end-member fluid substitution
modeling for the wet, gas and oil cases. AVO analysis performed on this volume did not show any obvious
anomaly on the A*B product. However, the scaled Poisson’s Ratio change (aA+bB) highlighted a fairly strong
amplitude anomaly at the target (Fig. 9). The plot shows a strong negative (orange) response at the top of the
reservoir, indicating a drop in Poisson’s Ratio.
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Figure 9: Scaled Poisson’s Ratio attribute volume on concatenated synthetic seismogram for the insitu
and end-member Gassmann’s fluid replacement modeling cases.

To have a general view of how lithology influences the reservoir physical rock properties, several rock
physics relationships were cross-plotted for the insitu reservoir fluids and results obtained from 50% gas
substitution. One important observation made from the log data cross-plot analysis was that none of the rock
physics relationships was able to discriminate the insitu reservoir fluids and lithology (Fig. 10), but a number of
the relationships clearly discriminated the fluids and lithology with the Gassmann’s fluid substitution results as
they clearly show a cluster of points away from the background trend. This underscores the usefulness of the
Gassmann fluid substitution in seismic amplitude studies using well log data. For this study, the Mu-Rho versus
Lmabda-Rho and Poisson’s Ratio versus P-Impedance cross-plots have shown the greatest ability to
discriminate the reservoir fluids and lithology based on the large separation between the gas sand and
background trend. Fig. 11 shows cross-plot analysis for the 50% gas modeling results.
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Figure 10: Rock physics relation cross-plot analysis for in-situ well log data: (a) Vp/Vs_Ratio versis P-
impedance; (b) Mu-Rho versus Lambda-Rho (c) P-Impedance versus S-Impedance.
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(b)
Figure 11: Cross-plot analysis using 50% gas replacement modeling. (a) Mu-Rho versus Lambda-Rho (b)
Vp/Vs_Ratio versus P-Impedance (c) P-Impedance versus S-Impedance (d) Poisson’s Ratio versus P-
Impedance. The attribute cross-section is shown below for each attribute cross-plot. Cross-plot (a) and (d)
show the largest cluster separation.
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So far, the log based rock physics and AVO modeling have established the presence of a fairly strong
AVO anomaly due to variations in gas saturation in the reservoir, whose amplitude decrease with increasing
offset, having a negative intercept that became less negative with offset, and a positive gradient. Investigation of
the AVO characteristics of the pre-stack field seismic data in the vicinity of the reservoir highlighted the same
Class IV AVO anomaly with similar characteristics. Fig. 12 shows the result of AVO gradient analysis
performed on the pre-stack gathers. The seismic response and A*B crossplot at the target reservoir highlighted
the same Class IV AVO anomaly seen from the log modeling. The A*B Product and Scaled Poisson’s Ratio
(aA+bB) show the sand top and prospective exploration zones away from the target reservoir.
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Figure 12 (a): AVO gradient analysis of field seismic data at target, highlighting Class IV AVO anomaly.
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Figure 12 (b): AVO analysis result: top: A*B Product Bottom: Scaled Poisson’s Ratio (aA+bB). The plots
highlight negative amplitude anomaly at the reservoir top. Other prospective exploration zones can also

be identified from the AVO attribute volumes.

IV.  Conclusion
Success in prospect evaluation requires the use of all available data to gain insight and reduce
exploration risk. Integrating results from rock physics relations, AVO modeling and analysis is critical and of
great importance in achieving this objective. Using these techniques, we have detected gas sands in the deep
water block offshore Niger Delta. The gas sands generated Class IV AVO anomaly, suggesting that this is the
signature of gas sands in the deep reservoirs of the offshore block studied. The study further showed that the

rock physics relations, A — £ — p, Poisson’s Ratio and P-Impedance were most effective in discriminating the

gas sands. Their cross-plots generated clusters of points well separated from the background trend. The reservoir
is soft sand, and the negative AVO anomaly generated at its top could have been due to a decrease in
Vp/Vs_Ratio and Poisson’s Ratio in relation to the overlying hard-shale layer.
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