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Abstract

Structural interpretation and inversion analysis were used to characterize hard-to-image reservoirs, to predict subsurface
interwell reservoir properties for optimum reservoir heterogeneity description, and to fine-tune drilling locations in ‘DJ’
Field, Niger Delta. Post-stacked 3D seismic data, composite well logs, and velocity checkshot data were used for the reservoir
analysis. The study entailed mapping of structural framework, horizon picking, wavelet extraction, log editing and correlation,
building of low-frequency model, acoustic impedance inversion and crossplot analysis of reservoir properties. Four major
antithetic, three regional, and five minor faults were identified. The inversion results revealed an acoustic impedance range of
9700-25,000 ft/s g/cc and porosity range of 25-45% within the hydrocarbon-bearing sands. Crossplot analysis of Poisson and
Vp/Vs ratio against acoustic impedance revealed Poisson ratio range of 0.30-0.45 and V,/V; ratio range of 1.3-2.50 within
the delineated hydrocarbon-bearing sandstone interval. The overall correlation coefficient between the inverted and actual
impedance was about 98% across the eight wells. Acoustic impedance slice at 2300 ms revealed low acoustic impedance sand
within the range of 13,000-24,000 ft/s g/cc at the western and central part of the field. Comparing the acoustic impedance
slice and seismic attribute maps at the target reservoir zones revealed high reflection amplitudes (bright Spots), indicative
of hydrocarbon accumulation. The study predicts new and reliable drillable locations, by lithologic/fluid discrimination in
the analysis of delineated reservoirs in the study area.
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Introduction

Reservoir analysis describes the reservoir characters quali-
tatively and quantitatively using seismic and well data. The
process includes delineation, description, and reservoir
monitoring. Reservoir delineation accounts for the reser-
voir geometry, including the faults and facies changes which
can affect the reservoir production performance. Reservoir
description defines the reservoir physical properties such
as the porosity, permeability, water saturation, pore fluid
(Sukmono 1999).

On the other hand, seismic inversion involves creating
subsurface geological model using seismic data as input and
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well data as control. This inversion for reservoir analysis
reads between the lines or between reflecting interfaces to
produce detailed models of rock properties (Schlumberger
2008). Acoustic impedance (Al) volume has many advan-
tages for reservoir delineation and description because it is
obtained by integrating data and is closely related to rock
properties (Latimer et al. 2000). The ultimate goal of seismic
inversion procedure, in this context of reservoir analysis, is
to provide models not only of acoustic impedance but also of
other relevant physical properties, such as porosity, Poisson
ratio, and Vp/Vs ratio, around the well. Usually, at well loca-
tions, we have measurements that give us a good idea of the
elastic and physical properties of the subsurface rocks such
as lithology, porosity, density. To understand these proper-
ties away from well, the lateral and vertical variation can be
inferred via rock physics studies (Sayers and Chopra 2009).
Such quantitative interpretations may sometimes require the
use of other seismic attributes in addition to the traditional
seismic reflection amplitudes (Rijks and Jauffred 1991;
Lefeuvre et al. 1995; Russell 2004; Sancevero et al. 2005;
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Soubotcheva 2006). There is therefore the need to combine
conventional seismic interpretation and inversion analysis
to successfully resolve the problem of prospect evaluation.
Seismic data may be inspected and interpreted on its own
without inversion. However, this does not provide the most
detailed view of the subsurface and can be misleading under
certain conditions (Pendrel 2006). For instance, not all clo-
sures identified on seismic structure maps are hydrocarbon-
bearing. This research is thus aimed at integrating seismic
acoustic impedance inversion and structural interpretation
for reservoir analysis of the study area, with its objectives
geared towards characterizing hard-to-image reservoirs, pre-
dicting reservoir properties away from well logs, describing
the reservoir heterogeneity, and fine-tuning drilling loca-
tions. The interpretation of these geophysical study tech-
niques increases the confidence in correct ranking of leads/
prospect (e.g. Veeken et al. 2002). Such an approach reduces
uncertainties and drilling risks, an important aspect for opti-
mizing an exploration development strategy.

Location and geology

The study area as shown in Fig. 1 is located between lati-
tudes 5°N to 7°N and longitudes 7°E to 9°E in the south-
eastern part of Niger Delta. This region is bounded by the
Gulf of Guinea and in the north by older Cretaceous ele-
ments such as the Anambra Basin, Abakaliki Uplift and
Afipko Syncline. The lithostratigraphic sequence of the
Niger Delta is the Akata, Agbada, and Benin Formation
(Avbovbo 1978; Doust and Omatola 1990a, b). The sedi-
mentation type within the area is paralic sand and shale
sequences. The Agbada Formation underlies the Benin
Formation and is the major petroleum-bearing unit. It was
laid down in paralic brackish to marine fluviatile, coastal
environments. In the lower Agbada Formation, shale and
sandstone beds were deposited in equal proportions; how-
ever, the upper portion is mostly sand with only minor shale
interbeds. It is made up mainly of alternating sandstone, silt
and shale.
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Fig. 1 Location of the study area and the base map showing the seismic lines
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Type of studied sandstone

Petroleum in Niger Delta is produced from sandstone and
unconsolidated sands predominantly in the Agbada Forma-
tion. Characteristics of the reservoirs in Agbada Formation
are controlled by depositional environment and by depth
of burial. Known reservoir rocks are Eocene to Pliocene
in age and are often stacked, ranging in thickness from
less than 15 m, 10% having greater than 45 m thickness
(Evamy et al. 1978). The thicker reservoirs likely represent
composite bodies of stacked channels (Doust and Omat-
sola 1990a, b). Based on reservoir geometry and quality,
Kulke (1995) describe most important reservoir types as
point bars of distributaries channels and coaster barrier
bars intermittently cut by sand-filled channels. Edwards
and Santogrossi (1990) describe the primary Niger Delta
reservoirs as Miocene paralic sandstones with 40% poros-
ity, 2 Darcy’s permeability, and a thickness of 100 m. The
lateral variation in reservoir thickness is strongly controlled
by growth faults: the reservoir thickness towards the fault
within the down-thrown block (Weber and Daukoru 1975).
The grain size of the reservoir sandstone is highly variable
with fluvial sandstone tending to be coarser than their delta
front counterparts.

Mineralogy and the digenetic history of the studied
sandstone

In the Agbada Formation of Niger delta, diagenetic modi-
fications to the sandstones are largely controlled by chemi-
cal factors. However, in other to fully understand these
processes, it is also necessary to consider the physical
changes that take place before and sometimes simulta-
neously with them. Physical diagenesis affects the sedi-
ments more in their early stages of burial but may continue
until the late stages. The processes of physical diagenesis
include the rearrangement of grains (particularly mica and
clay particles), grain fracturing, grain bending, and grain
squeezing.

Lambert (1981) carried out detailed petrological analyses
of the sediments of the Agbada Formation to determine their
diagenetic history and explain their underconsolidation. He
discovered that the sandstones are poorly cemented quartz
arenites containing a small quartz and clay matrix as well as
a small amount of carbonate cement. The reasons for the inad-
equate supply of cementing materials were also investigated.
Early calcite cementation inhibited compaction and resulted
in poor packing and later removal of this calcite generated
secondary porosity at depth. The effect of burial diagenesis
on the clay assemblages of the shale and sandstones of the
Agbada Formation is limited, and the clay mineralogy is pre-
dominantly a detrital assemblage. Compared to the hydro-
carbon reservoir sandstones, the non-hydrocarbon reservoirs

are richer in authigenic minerals, namely kaolinite, smectite,
siderite, and pyrite. The discussion of the diagenesis of the
Agbada Formation has shown that both physical diagenesis
(compaction) and chemical diagenesis (cementation, altera-
tion, and dissolution) have each not reached very advance
stage in the Niger Delta. The sum total of the events is that
compaction with sandstone of similar characteristics in the
Gulf Coast (Heald 1956; Burst 1969; Al-Shaieb et al. 1980)
and those of Agbada Formation possesses higher porosities.
The higher porosities of this sandstone largely result from
the development of secondary porosity by dissolution of the
early precipitated calcite. Log-derived porosities for the Niger
Delta show that porosities of 25-30% are common at burial
depths of 2745-3050 m. Pryor (1973) has shown that mod-
ern beach and channel sands similar to those that may have
given rise to the sandstone of the Niger Delta possess initial
depositional porosities of 40-50%.

Methodology

The project workflow involved two phases: structural mapping
and seismic acoustic impedance inversion. Reservoir geometry
and the structural framework of the reservoirs were delineated
by tracking seismic reflection events on the seismic volume.
Seismic to well tie was also carried out to tie the well and
seismic data for horizon picking. Three horizons were picked
across the seismic volume and imported to the inversion work-
flow to guide the process. Statistical and well wavelet extrac-
tion were carried out within a time window to extract a zero-
phase wavelet from the seismic and well logs. The reflectivity
was convolved with the zero-phase wavelet from the seismic
data to generate a synthetic trace for log correlation. This pro-
cess aligned the synthetic calculated from the well logs with
one or more seismic traces near the well locations. As a prior
information and input into the inversion, an initial model (1)
was generated from density (p) and P-wave (V) velocity log
using equation: /=p*V,,.

To avoid high-frequency interference with the inversion
result from the well data, a low-pass filter was applied. The
final 3-D volume inversion was carried out using the gener-
ated model, horizons, and well logs together with extracted
wavelet as input parameters. The predicted and original imped-
ance curves were compared via inversion analysis. Crossplot
analysis was carried out to establish the relationship between
the seismically measured acoustic impedance, porosity, and
other reservoir properties derived from the wells. The execu-
tion of these steps was done with the aid of Schlumberger
Petrel Seismic to simulation software and Hampson-Russell
inversion software.
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Sources of the information regarding porosity
values (how it is measured)

Porosity may be determined by various methods. Some are
based on core samples; others are based on well-log data and
mathematical models. Of particular interest are techniques of
porosity estimate from transit time analyses that make use of
interval velocities obtained from seismic traces. It is expected
that acoustic impedance (V,,* p) shows some correlation with
porosity as proposed by Raymer et al. (1980) and the relation-
ship between porosity and velocity is as follows:

v,= ((1_(19)2 *V, SOLID) + ((P * VpFLUID)a

where V is the velocity and ¢ is porosity. The mass balance
density porosity equation is equally well known:

P = (PLog - pFLUID)/ (PMATRIX - pFLUID)’

where @ is porosity and p is density.

Patchett and Coalson (1982) determined that the den-
sity log is the most accurate method to determine porosity
when one has knowledge of grain density and fluid density.
While this method is standard in production wells, these
parameters are often unknown for wildcats. Grain density
can change rapidly along the borehole as lithology changes.
Fluid types and saturations change more slowly, except fluid
contacts. Thus, we have four unknowns—porosity, grain
density, hydrocarbon saturation, and water saturation, and
one measurement—bulk density. A statistical method is used
to combine the environmentally corrected log readings from
the density, neutron, acoustic, and gamma ray to solve for the
four unknowns. Often, shallow resistivity log is included in
the mix, and the acoustic log is dropped.

Results and discussion
Structural interpretation

Figure 2 reveals that the field is structurally characterized
by synthetic (F3, F8, F13) and antithetic faults (F9, F12,
F1). Combination of these two sets of listric growth faults
results in features that include collapsed crests, back to back,
large and steeply dipping regional flank. About twelve faults
were mapped across the 3D seismic volume. These faults are
regularly spaced and rotational. Three major regional faults
(F1, F2, and F3) and five minor faults (F4, F6, F7, F10, and
F11) were identified. Four of the faults are antithetic and
dips landwards to the continent, while the rest are synthetic
faults. Figure 3 shows the time structural map of horizon 1
ranging from —2160 to —2910 ms with contour interval of
30 ms. The features delineated revealed areas of structural
high or anticline at the northern part trending east—west and
structural low at the south-western part of the map.

Model-based inversion

Figure 4 shows the model-based inversion result with a com-
posite gamma ray, deep resistivity, and density logs from
well 1. It revealed the delineated hydrocarbon-bearing sand
between the depths 8250 ft and 8415 ft. The sand body is of
low acoustic impedance range of 9700-17,900 ft/s g/cc as
compared to the adjacent shale which is of higher acoustic
impedance. Figure 5 shows a time slice of acoustic impedance
at 2180 ms within the sand body. The regions of low imped-
ance are encircled (L1 and L2). This resistive, low acoustic
impedance is indicative of fluid-saturated sand (hydrocarbon).
Most wells drilled (e.g. W_4, W_12, W_2, and W_3) were
located around this region. Figure 6 shows a composite plot

Fig.2 Typical seismic section
(inline 7216) showing structural
configuration of ‘DJ’ Field
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Fig.3 Time structure map of
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Fig.4 Composite gamma ray,
deep resistivity, and density log
readings in reservoir R1, well 1
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summarizing the inversion results for well 1. Figure 6a shows
the delineated reservoir sand between the depths of 8250 ft
and 8415 ft. Figure 6b shows a plot of the inverted acoustic
impedance trace (red), log-derived Al trace (black), and resis-
tivity trace (grey) in well 1. A reduction in acoustic imped-
ance and the overlain inverted Al trace values was observed
within the hydrocarbon interval. These two traces overlapped,
which gave credence to the level of confidence in the inversion
work at the well location. Figure 6¢ shows the inverted section
overlain by gamma and resistivity log (blue and red) at the

well location on seismic inline 6917 which revealed that the
hydrocarbon-bearing interval labelled ‘R1’ is characterized
by low acoustic impedance (green). Low gamma ray and high
resistivity readings were observed to have conformed to this
low acoustic impedance interval (green).

Crossplot analysis

Crossplot analysis is carried out to determine the rock
properties/attributes that better discriminate the reservoir
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Fig. 8 a Crossplot of resistivity value in productive zone with acoustic impedance and porosity in reservoir R1, well 1. b Cross section relation-

ship of Al and porosity at the productive zone (Reservoir R1)

(Omudu et al. 2007). Figure 7 shows the crossplot of
porosity and acoustic impedance values in conjunction
with gamma ray. A linear relationship was observed
between the reservoir properties. An increase in porosity
causes a decrease in velocity, a decrease in density, and

therefore a corresponding decrease in acoustic impedance.
The zone labelled ‘X’ shows high-porosity zones concen-
trated within the region of low gamma ray, which is the
reservoir zone. The porosity values are in the range of
26-40%. Figure 8 reveals the relationship between acoustic
impedance, porosity, and the associated resistivity values
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within the productive sands in well 1. High resistivity val-
ues were observed at the region of low acoustic impedance
in the range of 14,000-18,000 ft/s g/cc and high porosity
values ranging from 30 to 40%, which confirmed that the
reservoir sand is fluid-saturated (hydrocarbon).
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Seismic attribute analysis

Figures 9, 10, and 11 show the root mean square (RMS),
maximum, and interval average attributes extracted on hori-
zon 1. These attributes were used to measure reflectivity
in order to map the strongest direct hydrocarbon indicator
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Fig. 11 Interval average arithmetic attribute extracted on horizon 1

within the zones of interest. The revealed high reflection
amplitude areas are indicated by eclipse in Figs. 9, 10, and
11. These amplitudes terminated on the minor faults mapped
in the area. The implication is that reservoir sandstone is
concentrated in the western zone of the field and trend along
the flank of the anticlinal structure. This seemingly bright
spot is as a result of the presence of hydrocarbon, as the area
of the observed anomaly coincides with the identified area
with low acoustic impedance and high porosity on acoustic
impedance slice as seen in Fig. 5. Resistivity log in well
2 located within the zone marked with eclipse shows high
values corresponding to high-amplitude sand in horizon 1.

Conclusion

Model-based seismic acoustic impedance inversion method
and attribute analysis have been utilized to examine the
relationship between reservoir structures, their acoustic
effect, and the reservoir property distribution in ‘DJ’ Field,
Niger Delta. The field is characterized by structural high
and low features dominated by synthetic, antithetic, and
growth faults, collapsed crest, and rollover anticlines. The
hydrocarbon-bearing sands were identified with high poros-
ity (25-36%) and high resistivity. Acoustic impedance, being
layer property, complements the standard seismic amplitude
interpretation (Interface property) as changes in value (col-
our) reflect changes in lithology. Comparing the acoustic

impedance slice and seismic attribute maps at the target
reservoir intervals, low acoustic impedance and high reflec-
tion amplitudes (bright spot) were observed in the western
and central parts of the study area which are indicative of
hydrocarbon accumulation. It was observed on the maps that
the hydrocarbon-bearing wells (W_4, W_12, W_2, and W_
3) are located within the productive zones.
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