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Abstract

Direct hydrocarbon indicator (DHI) expressions observed on seismic could arise due to various geological conditions. Such
expression could lead to misinterpretation as hydrocarbon presence if not properly analyzed. This study employs rock physics
attributes analysis to evaluate an identified prospect in the undrilled area of the studied reservoir. Prospect identification was
actualized by analyzing structural and amplitude maps of the reservoir, which revealed a possible roll over anticline at both the
exploited and prospective zone, with a very good amplitude support that conforms to structure. Well-based cross-plot analysis
adopted four cross-plot techniques for feasibility study to test the applicability of rock physics for prospect evaluation in the
field; Lambda-Rho versus Lambda-Rho/Mu-Rho ratio; Mu-Rho versus Lambda-Rho; and Poisson Ratio versus P-impedance.
The result presented Poisson ratio, Lambda-Rho and Lambda/Mu-Rho ratio as good fluid indicator and Mu-Rho as a viable
lithology indicator. As such, they were selected for seismic-based attribute and cross-plot analysis to validate the identified
prospect. The results from seismic-based analysis showed consistency in the expression of the analyzed attribute at both the
exploited and prospective zone. The seismic-based cross-plot analysis result was similar to the well-based analysis and was
able to confirm that the observed amplitude expression in the exploited zone is an indication of hydrocarbon-bearing sand.

Keywords Rock attribute - Cross-plot - Seismic inversion - Prospect validation - Rock physics

Introduction include compressional wave velocity, shear wave velocity,

density and their numerous derived attributes which include

Seismic acoustic inversion and cross-plot analysis are effec-
tive tools in reservoir characterization. Avseth et al. (2008)
define impedance inversion as a tool that offers insight into
subsurface interpretation process, converting reflection
amplitudes into more meaningful variations in layer prop-
erties (elastic properties), which can be related directly to the
well log data after pertinent scale considerations has been
made (Bosch et al. 2009). These established relationships
are in turn incorporated to estimate rock attribute that can
be employed to discriminate lithology and fluid for a typical
field evaluation, especially in undrilled areas.

Rock properties are the physical properties of rocks that
influence the propagation of seismic wave. They basically
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P-wave impedance, Poisson’s ratio, S-wave impedance, etc.
(Dewar and Pickford 2001). The observed amplitudes on
seismic data are as a result of contrast or variation in these
rock properties at the boundary between two geological or
geophysical interfaces, i.e., changes in lithology or fluid in
the subsurface (Brown 1987). Analysis of these amplitudes
provide valuable information across field between and away
from well control points, providing greater understanding
of the subsurface geology heterogeneity related to lithology
and fluid effect (Ogbamikhumi et al. 2017).

Advanced cross-plot is now a commonly used technique
in rock physics analysis as it allows for a fast and more
meaningful evaluation of attributes effortlessly (Castagna
and Swan 1997). Generally, majority of the common lithol-
ogy units and fluid types tend to form separate clusters in
cross-plot space and this helps in making a direct interpreta-
tion (Omudu and Ebeniro 2005).

In the present study, rock physics and cross-plot analysis
of inversion-derived elastic attributes were analyzed to vali-
date an identify prospect in the prospective zone (the zone
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in the red ellipse of the semblance map in Fig. 1) of a major
reservoir in the Eva field, Niger Delta Basin.

Geology of Niger Delta and the study field

The Niger Delta Basin is a tertiary delta located in the Gulf
of Guinea (Fig. 1). The Niger delta is known to consist of
three litho units (Fig. 2): an upper delta top litho facies,
an intermediate delta front facies and a deeper pro-delta
lithofacies (Short and Stauble 1967; Reijers et al. 1996).
The typical sections of these formations are discussed by
Short and Stauble (1967) and summarized in a number of
papers (Avbovbo 1978; Doust and Omatsola 1990; Kulke
1995). Majority of the key hydrocarbon-bearing reservoirs

in the delta exist within the Agbada Formation and are
commonly situated in zones with structural heterogeneity.
The formation consists mostly of channel and shoreface
sands with slight shales in the upper part, and intercalation
of shales and sands in equivalent ratio at the lower part of
the basin Whiteman (1982).

Structurally, the basin is subdivided into overlapping
structural depo-belts that get younger and structurally
complex southward (Fig. 1). The depo-belts are typically
defined by syn-sedimentary growth faulting and folds that
trends east—west direction. The study field is situated in
the Central Swamp depo-belt, and it is characterized by
a major east—west trending faults at the north and sev-
eral intra reservoir faults (Semblance map to the west of
Fig. 1).
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Fig. 1 Map of the Niger Delta Basin showing the various depo-belts, location of the prospective zone of the study Eva field (Modified after Ado-

joh et al. 2017)
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Fig.2 Stratigraphic section of the Niger Delta, showing the three major formations (Modified after Doust and Omatsola 1990)

Datasets and methodology

A full stack 3D seismic data with dimension approximately
226 sq.km and eight wells were available for the study
(Fig. 1). Generally, the qualities of the logs were good
enough and suitable for this study.

Potential hydrocarbon prospect is defined if a reservoir
is trapped within structural traps such as fault blocks or
stratigraphic traps. Seismic expressions from similar traps
have been analysed as hydrocarbon presence (Toshev 2017;
Adeoti et al. 2018; Abdel-Fattah et al. 2020) Hence, Root
Mean Square (RMS) amplitude was extracted from the seis-
mic volumes on the interpreted surface of the prospective
reservoir and compared with the structured map to identify
the hydrocarbon prospect studied.

Post-stacked model-based inversion was conducted
to extract elastic rock attribute for fluid presence detec-
tion from the seismic. Shear wave estimation for both the

well-based cross-plot analysis and the inversion process
was achieved using the Biot-Gassmann’s fluid substitution
theory, and Castagna’s equation was sequentially adopted.
The Biot-Gassmann’s equations relate the bulk moduli of
mineral matrix, the porous rock frame and the pore fluids
(Gassmann 1951). The application of this equation is a two-
part process, whereby we first determine the bulk modu-
lus of the porous rock frame (the bulk modulus of the rock
devoid of its initial pore fluid, also known as the “dry frame”
bulk modulus), after which we calculate the bulk modulus
of the rock saturated with brine (Smith et al. 2003). After
which a modified form of the Castagna’s equation for the
Niger Delta Basin was employed to estimate shear wave for
the field (Ogbamikhumi et al. 2019).

One of the advantages of the model-based inversion is
that the very low-frequency end of the seismic data can be
compensated for by low-frequency model built from well
log data (Fig. 3).
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Fig.3 Comparison of amplitude spectrum of wavelet extracted from
the seismic data (light blue shade) and that extracted from the low-
frequency model built from well logs(dark blue shade) for model-
based inversion process to compensate for depleted low-frequency
spectrum of the seismic data

Inversion analysis was conducted on the six wells with
the complete suites of acoustic logs. An erroneously high
impedance contrast was observed between the inverted
log and the computed log from seismic for well 1 and 61
(Fig. 4). The observed errors in both wells could be as a
result of severe wash out observed on the caliper logs at
some depth intervals within the two wells, which might have
compromised the integrity of the acoustic logs that were
employed to compute the acoustic impedance logs. Hence,
these two wells were excluded from the final inversion

of the wells.

Well-based rock attribute cross-plot analysis was carried
out to select suitable rock attributes and cross-plot templates
to be adopted for seismic-based analysis. Pickett (1963) and
Goodway et al. (1997) suggested four rock attributes derived
from seismic inversion for lithology and pore fluid discrimi-
nation; Vp/Vs or Poisson ratio, Lambda modulus and den-
sity, Shear rigidity and density and P-wave Impedance. They
demonstrated that the Lamé parameter terms Ap (Lambdah
Rho) and pp (Mu-Rho) to be good pore fluid and lithology
indicators, respectively. For clastic rocks, Li (2004) shows
that Ap reduces with an increasing porosity, increasing gas
content and a decreasing shale content. Responses of the
rock attribute to fluid and lithology changes adopted in this
study for both well and seismic-based cross-plot analysis are
summarized in Table 1.

Results and discussion
Prospect identification

Structural maps are time surfaces generated from interpreted
horizon. Structural map of the prospective reservoir in Fig. 5
has six interpreted faults: one major fault to the north and
five intra-reservoir faults. Both the exploited zone (zone with
well penetrations) and the prospective zone (the area within
the ellipse) are located at region with the least time values
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Fig.4 Synthetic correlation, relative error and P-impedance error for the six wells available for inversion

Table 1 Summary of rock properties for lithology and fluid discrimination (Omudu and Ebeniro 2005)

Lithology/fluid type Mu-Rho P-impedance Lambda-Rho Mu-Rho/Lambda-Rho  Poisson ratio
Shale Very low value Very high value Very high value Very high value Very high value
Brine sand Higher than shale value Low value Low value Low value Low value

Hydrocarbon sand
brine sand

Similar value to that of Lower than brine sand Lower than brine sand Much more lower than

Lower than brine sand
brine sand
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Fig.5 a Structural map of D2 reservoir, b an overlay of amplitude map of D2 reservoir on the structural map for prospect identification

in the various structures that defines the zones. According
to Asquith and Gibson (1982), a reservoir is considered to
be a potential hydrocarbon prospect if it is enclosed within
structural or stratigraphic traps. From the legend, the struc-
tural maps indicated that the region where the wells are
concentrated is structurally high with the highest elevation,
where hydrocarbon will most likely accumulate due to buoy-
ancy effect. It is bounded at the north by the major synthetic
faults and by several intra-reservoir faults at the south. At
the prospective zone also, the legend shows that the zone
is a structural high bounded by one of the intra-reservoir
faults. Reservoirs in the field at this zone might be a good
prospect as it is bounded by fault blocks which can aid the
hydrocarbon trapping mechanism. The traps defined in the
field are anticlinal which may or may not be fault supported.

Prospect identification also involves the observation made
to identify seismic response that can be related to hydro-
carbon presence commonly known as direct hydrocarbon
indicator (DHI).

Amplitude extracted on structural maps points out with
some level of certainty hydrocarbon prospect provided the
amplitude response conforms to structure. Conformance to
structure simply means encasement of the response within
identified traps on the structured maps.

The D2 reservoir amplitude map in Fig. 5 shows bright
amplitude at both the exploited and prospective zones. The
accumulation in the exploited and prospective zones seems
to rest on the encasing faults, typical of what is described
as a fault-assisted accumulation. The map reveals a good
amplitude expression that conforms to structure, with bright
amplitude response within the exploited zone. The same

bright amplitude was also observed within the prospective
zone, defining a potential hydrocarbon prospect, which will
be investigated further.

Well-based rock physics cross-plot analysis

Cross-plotting is a graphical representation of the plot of two
or more rock properties. It aids easy and meaningful evalua-
tion of these rock properties (Castagna and Swan 1997). The
cross-plot techniques employed for the well-based analy-
sis include: Mu-Rho versus Lambda-Rho cross-plot, the
Lambda-Rho versus Lambda-Rho/Mu-Rho cross-plot and
Poisson Ratio versus P-impedance cross-plot.

Resistivity log were used to color code the cross-plotted
area to give an indication of the presence of hydrocarbon
within the cross-plotted depth interval. A very high value
of resistivity is an indication of the presence of a less con-
ductive fluid than brine. Such high resistivity values are an
indication of the presence of a more resistive media such as
hydrocarbon, which could be partially or completely replac-
ing brine in the reservoir.

Mu-Rho versus Lambda-Rho cross-plot analysis

Mu is an S-wave-derived parameter known as rigidity. It
is expected to have a value that is higher in sand than in
shale since sand matrix exerts greater resistance to shear-
ing than shale matrix will. Its value is not affected by the
nature of fluid in the pore spaces; hence, the value for brine
and hydrocarbon fill sand is expected to remain relatively
constant. Therefore, for clastics, pp which is its product
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with bulk density is a good lithology indicator with high
values indicative of sand (Goodway et al. 1997). Lambda-
Rho on the other hand is a P-wave-derived parameter known
as incompressibility. Since fluid contributes a reasonable
amount to the total resistance exerted by a rock to compres-
sion, a change in fluid type and saturation is important in
determining the incompressibility of a rock. A systematic
change in fluid type from brine to oil then to gas will lead
to significant gradual reduction in the incompressibility of
a rock. Mu-Rho, its product with bulk density of the rock, is
a good gas-sand indicator with a low value being consistent
with gas sand.

Therefore, a cross-plot of these two parameters presented
in Fig. 6, defined a zone with low Mu-Rho, high Lambda-
Rho and low resistivity values that correspond to the base
and top of the reservoir (as defined in the well log panel)
typical of shale lithology (brown ellipse) and a second zone
with high Mu-Rho and low Lambda-Rho value defined as
brine sand (blue ellipse), and it corresponds also to the blue-
shaded zone in the well log panel. A third zone is defined
with high Mu-Rho, very low Lambda-Rho and high resis-
tivity value typical of a hydrocarbon-bearing sands corre-
sponding to the red-shaded zone in the well log panel. In
conclusion, Mu-Rho gave good separation between sand
and shale along the horizontal axis and hence can serve as
a good lithology discriminant in the study field on seismic.
Likewise, the Lambda-Rho gave good separations along the
horizontal axis between brine fill and hydrocarbon-filled res-
ervoir. Hence, this cross-plot technique or template will be
suitable for seismic-based cross-plot analysis in the undrilled
area of the prospective reservoir.

Curve Display
MD (ft) Wel 34Lambda-R‘ Wel_34:MuRho_t| |Well_34:GammaR | |Wel_34:Resistivity
:Bm 20 (GPa*gfc 230 GPa‘g/cc) 00 A1 200 ohmm IS
T
6450
6500
2_LITH_
6550
6600
6650 B------
6700
6750 W------
6800
2_LTTH
6850 H@------
6900
|

Track4

Trackl Track2 Track 3

Lambda-Rho versus Lambda-Rho/Mu-Rho cross-plot
analysis

The ratio Lambda-Rho/Mu-Rho is a complex ratio that gives
a high value for shale, lower value for brine sand and a much
more lower value for hydrocarbon-bearing sands (Omudu
and Ebeniro 2005). The cross-plot of Lambda-Rho against
this ratio presented in Fig. 7 shows very high values for both
lambda-Rho and the ratio of Lambda-Rho/Mu-Rho, defining
shale lithology. Lower values of both parameters indicate
brine sand, and a much lower value of both attributes cor-
responds to hydrocarbon sands. Thus, both parameters can
be used to characterize lithology and fluid on seismic for
prospect evaluation.

Poisson ratio versus P-impedance cross-plot analysis

Poisson ratio is a more advance averaging of the Vp/Vs ratio
that discriminates shale with a high value, from sand with
a lower value. For mix hydrocarbon and brine reservoir, a
much lower value will be observed for hydrocarbon-bearing
sand as compared to brine sand. The ratio is a fluid indica-
tor because P-waves are sensitive to fluid changes, whereas
S-waves are not (Han et al. 2007; Ujuanbi et al. 2008; Krebs
et al. 2009; Ogararue and Anine 2016). Hence, a reduction
is expected for a change in fluid content from brine to oil, or
from oil to gas. P-impedance is a product of P-wave velocity
and density. Since both P-wave and density respond similar
to the presence of hydrocarbon with a reduction, a product
of both will have a multiplier effect that is expected to dif-
ferentiate hydrocarbon-bearing sand from brine-filled sand

Color Key
Resistivity_deep
(ohm-ft)

Mu-Rho_trans vs Lambda-Rho_trans

|
1

|
1

30

A

H
-
=

25

|
il

20

10
¥
)

Mu-Rho_trans ((GPa* gfcc))
15
88333338

1

—
o

1 I
= | nl

o

15 <10 -5 0 5 10
Lambda-Rho_trans ((GPa* g/cc))

15 20 25 330 35

Fig.6 Plot of Mu-Rho versus Lambda-Rho for C3 reservoir showing a good separation between sand and shale but a fair separation between

brine and oil sand

I Ul a
des Shevis @) Springer



Journal of Petroleum Exploration and Production Technology (2020) 10:3127-3138 3133
LURE nEY
Curve Displa Lambda-Rho_trans 2 vs LR-MR Resistivity_1
. (ohm-m)
o () JURMR | | HlambdaRho_tr| | 34GammaRay_2| | HResistvity_i
from 0 (GPa*gjc 100 0 (GPa*gjec) 40 10 APT 150 2 ohm-m 1000 ~
KB ! 1 T T 1T T 1 &
d | \ | Ng
1 0 767
6200 PR 1 690
i Y om
] = : 614
6250 k2108 62 TOP—— 5 - i
- N
] 58
6300 § og
- 0[ o,
] £ =
- T
=2 ;"
: 5.
gano—| f—B2.ase 52 BASE— .
1 "
1 T
Tearkil Track2 Track3 Trackd 3456 78 91011121314151617 1819
LRI ((GPa™glec))

Fig. 7 Plot of Lambda-Rho versus Lambda-Rho/Mu-Rho for B2 reservoir showing a good separation between sand and shale and between brine

and oil sand

under a normal condition. The cross-plot of both parameters
in Fig. 8 indicates a very high value of Poisson ratio, a rela-
tively higher value of P-impedance and a very low value of
resistivity defining shale lithology. Sand is defined by a very
low value of Poisson ratio and a relatively lower value of
P-impedance. The hydrocarbon is characterized by a rela-
tively lower value of P-impedance and an obviously lower
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value than the brine fill portion of the reservoir. Hence, Pois-
son ratio is a better discriminator for fluid than P-impedance.

Seismic-based rock physics analysis

Cross-section lines of derived rock attribute that cut across
the exploited and prospective zone of our prospective
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reservoir were extracted from the model-based inversion
result. This attributes were analyzed to verify the amplitude
expression observed at the prospective zone of the field.

Mu-Rho attribute cross-section analysis

Mu-Rho was demonstrated to be a good lithology indica-
tor. A cross section extracted from the inversion result is
presented in Fig. 9. The Mu-rho log superimposed on the
cross section along well 34 reveals a very good correlation
with the extracted cross section, confirming that the inver-
sion result was very good. From the legend and result of
our well-based analysis, a very high value of Mu-Rho indi-
cates the presence of sand. The superimposed gamma ray
log confirms that the interval with high Mu-Rho value at
the exploited zone corresponds to intervals with low gamma
ray value indicating the presence of sand. This high Mu-Rho
value was also observed in the prospective region below the
reservoir top (red horizon), indicating the presence of good
sands (Black ellipse).
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Lambda-Rho attributes cross-section

The Lambda-Rho attribute is a fluid indicator and as dem-
onstrated in the well-based cross-plot analysis, a low value
indicates the presence of sand while a much more lower
value indicates the presence of hydrocarbon-bearing sand,
while high value respond corresponds to shale lithology.
The Lambda-Rho cross section presented in Fig. 10 shows a
good correlation between the well log and inversion-derived
attribute, which agrees perfectly with the gamma ray log. In
the exploited zone, low value of Lambda-Rho was observed
between 7.5 and 5.0 Gpa for the reservoir intervals. The
D2 reservoir has expression of the least Lambda-rho value
within the reservoir interval indicative of the presence of
hydrocarbon. It was observed that, of the two reservoirs
observed on the exploited zone, only the D2 reservoir has
such similar response at the prospective zone (within the
black ellipse). This response could possibly be due to the
hydrocarbon presence just like the amplitude map earlier
indicated.
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Fig. 10 Lambda Rho attribute of inline 11,563 showing variation around the exploited and prospective zone

Seismic-based rock physics cross-plot analysis

The D2 prospect identified from the amplitude and struc-
tural maps had been validated using several seismic-based
rock physics attribute to increase our confidence that the
observed response is as a result of the presence of hydro-
carbon. To further increase certainty of the validated
prospect, seismic-based cross-plot analysis was done
using three attributes at a time to define zones that cor-
respond to hydrocarbon presence.

Two of the cross-plot techniques that gave good result
during well-based cross-plot analysis were adopted.
They include Lambda-Rho versus Lambda-Rho/Mu-
Rho ratio, color coded with Poisson ratio and Mu-Rho
versus Lambda-Rho color coded with Lambda-Rho/Mu-
Rho ratio. Attributes corresponding to the whole seismic
cross-section panel were plotted in the cross-plot space.
The region in the cross-plot space that best defines hydro-
carbon-bearing sand responds was enclosed in the red
ellipse, which was automatically posted at the appropri-
ate zone with hydrocarbon response in the seismic cross-
section panel.

Lambda-Rho versus Lambda-Rho/Mu-Rho ratio,
color coded with Poisson ratio

Figure 11 presents a cross-plot of Lambda-Rho versus
Lambda-Rho/Mu-Rho ratio color coded with Poisson ratio.
A zone was defined with very low values for all three attrib-
utes that define a region where hydrocarbon-bearing sand
will plot (Russel 2010). Inserting an ellipse around the zone
automatically plot the points at the corresponding zone on
the seismic cross-section window. It was observed that the
plotted zone corresponds to the region defined by the inver-
sion attributes as hydrocarbon bearing. Thus, this validates
D2 prospect in the undrilled area.

Mu-Rho versus Lambda-Rho color coded
with Lambda-Rho/Mu-Rho ratio

The seismic-based cross-plot of Mu-Rho versus Lambda-
Rho attribute color coded with Lambda-Rho/Mu-Rho
ratio presented in Fig. 12 defined a zone with very high
values for Mu-Rho, very low values for Lambda-Rho and
Lambda-Rho/Mu-Rho ratio attribute that corresponds to
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Fig. 12 Plot of Mu-Rho versus Lambda-Rho color coded with Lambda-Rho/Mu-Rho ratio for Inline 11,563 confirming D2 reservoir to be

hydrocarbon bearing in the prospective zone

hydrocarbon-bearing region. The inserted ellipse also
plotted the points to the corresponding zone on the cross-
section panel similar to the result of Lambda-Rho versus
Lambda-Rho/Mu-Rho ratio cross-plot in Fig. 11. We can
therefore conclude hereby confirming that the response of
the identified prospect was as a result of the presence of
hydrocarbon.
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Conclusion

Rock physics and cross-plot analysis were adopted to
evaluate identified hydrocarbon prospect in the undrilled
area of Eva field in the Niger Delta Basin. Structural and
amplitude maps were initially used to identify the prospect
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by defining areas with structural highs and good ampli-
tude support that conforms to structure at the prospec-
tive zone, similar to the hydrocarbon-bearing expressions
at the exploited areas of the field. Well-based cross-plot
feasibility analysis to select suitable rock attributes for
seismic-based analysis presented Poisson ratio, Lambda-
Rho and Lambda/Mu-Rho ratio as good fluid indicator and
Mu-Rho as a viable lithology indicator. These selected
parameters were adopted for both seismic-based rock
physics and cross-plot analysis to evaluate the identified
prospective zone, with attributes derived from model-
based inversion. Analysis of the results of rock attributes
and cross-plot confirmed the identified prospect to be
hydrocarbon bearing.
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