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Abstract- Sand_K2 is a thin, sub-seismic reservoir in
‘KUTI” Field, Deepwater Niger Delta having
indistinct impedance contrast with the surrounding
shale wish made conventional seismic interpretation
impossible.  Rock physics transformation  of
petrophysical properties of Sand_K2 into petro-
elastic parameters, which allows sub-seismic
reservoir to be imaged from seismic data, has been
carried out. The reservoir’s lithofacies and their
petrophysical properties were determined using well
data. Rock physics analysis was implemented to
model the seismic response of the reservoir. The rock
physics analysis was achieved through multivariate
cross-plot of petro-elastic parameters of the
Sand_K2. Sand_K2 has a thickness of 32.8m, shale
volume of 12%, average porosity of 33% and
acoustic impedance of 4200 to 5000 (m/s)(g/cc). The
presence of shale and clay minerals increases the
acoustic impedance and P-wave velocity of the
reservoir above 4800 (m/s)(g/cc) and 2500 mi/s
respectively; while decreasing its porosity and
rigidity (Mu-Rho) below 36% and 6.0 (Gpa*g/cc)
respectively. The effect of hydrocarbon reduced
acoustic impedance below 4775 (m/s)(g/cc).
Similarly, the hydrocarbon effect reduced the
reservoir’s incompressibility (Lambda-Rho) below
25 (Gpa*g/cc). Rock physics modelling provided
calibration data from which cut-off values were
determined  for improved identification and
interpretation of sub-seismic reservoirs awayfrom the
wellbore, consequently reducing exploration risks.

Keywords- Rock Physics, Cross-Plot, Petro-Elastic,
Sub-Seismic, Lambda-Rho

I. INTRODUCTION

Hydrocarbon exploration in the Gulf of Guinea
is progressively moving into geologically more

complex ultra-deep offshore as onshore/shallow
offshore deposits are rapidly depleted. In general, the
deepwater setting is mostly regarded as a prolific
hydrocarbon province all over the world with
significantly huge distributions of stratigraphic traps,
but the least understood geological environment due
to its complexity [1-2]. Consequently, in most
deepwater systems, such as the turbidite systems,
more than 70% of the mobile oil is commonly left
behind, because of the complex nature of these
reservoirs [3-4]. Deepwater Niger Delta is very
prolific but characterized by a complex geologic
setting usually typified by reservoirs that are
generally thin, vertically stacked and laterally
discontinuous with indistinct impedance contrast with
the surrounding shale [5-7]. These complexities have
made regular seismic interpretation becomes
increasingly ambiguous and uncertain, making the
task of finding hydrocarbon herculean, thus causing
huge capital losses in the petroleum industry as noted
by [8-11].

The theory and principle of rock physics have been
discussed in detail by [12-14]. According to several
authors [15-21] who have employed the tool of rock
physics modelling; one of the panaceas to reduce
uncertainty and improve the chances of success of
seismic exploration in such geologically complex
settings is the linkage of rock physics properties to
their  corresponding  seismic  responses. The
application of rock physics tools will provide an
enhanced understanding of the true geologic meaning
of seismic amplitudes in such areas. Rock physics
permits modelling and quantification of the seismic
output of reservoir properties recorded in Wells, thus
providing datasets that are comparable with observed
seismic. Rock physics employs the output of
petrophysical evaluation as input in addition to the
results of laboratory measurements, where available,
and combines these using theoretical and empirical
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relations to understand how seismic signal responds
to changes in the reservoir properties [22].
According to [23] “all exploration is ultimately
related back to rock properties and the only way to
connect rock properties to seismic amplitude or
response is to use rock physics”. In this study, a
dataset from KUTI Field located about 120 km
southwest offshore Niger Delta and at a water depth
of 1000m in the translational zone of the Western
Lobe (Fig. 1) was utilized. The reservoirs are
unconsolidated turbidite sandstones of the offshore
paralic sequence. Preliminary analysis of the
available dataset revealed two major problems that
are associated with the study area which pose a great
challenge to conventional seismic interpretation
workflow. Firstly, the reservoirs are generally
prolific, vertically stacked but thin (the thickest being
32.8m in this study) and fall below seismic resolution
(tuning thickness of 36.2m). Secondly, there is a very
poor impedance contrast between the sands and the
surrounding shale. These conditions made it
practically impossible to image the reservoirs from
conventional seismic interpretation; a possible reason
why most of the Wells drilled earlier in the study area
were suspended despite significant oil and gas shows.
None of the reservoirs are resolved on the seismic
data as the top and base of each reservoir occur
within a single wavelet lobe on the synthetic trace.
Also, the wavelet that defines each reservoir also
extends to the overlying seal (shale), indicating poor
impedance contrast between the sand and the
surrounding shale.

Eastern Lobe

Figure 1: Map of Niger Delta showing the study area
and five structural provinces (After [24])

Il. GEOLOGICAL FRAMEWORK
The geological framework of the Niger Delta

has been widely researched by numerous workers
such as [25-30]. Generally, the stratigraphy of the

Niger Delta is characterized by three broad
lithologies; Akata Formation, Agbada Formation and
Benin Formation (Fig. 2). The Akata Formation is
mainly over-pressured and under-compacted marine
shale, which forms the base of the known deltaic
sequence and extends across all depo-belts. Akata
Formation was deposited in the Holocene and
represents the major source in the Niger Delta. The
Agbada Formation is essentially a paralic sequence of
shale, silt and sand which succeeded the underlying
Akata Formation. It was deposited from Eocene to
Pleistocene and hosts the reservoir and sealing facies
which spread in varying proportions across all depo-
belts. The continental Benin Formation is the
shallowest part of the sequence, which was deposited
during the Oligocene. It thins out offshore and
disappears completely near the shelf edge. The
offshore and deepwater section of the Niger Delta
evolved from continuous progradation of the delta
and seaward movement of the monotonous marine
shale. The paralic sequence in this section was
formed in the Late Miocene as documented by [31].

I11. MATERIALS AND METHODS

This study utilized subsurface data from four
Wells (KUTI-01, KUTI-02, KUTI-03, and KUTI-04),
Check-shot data and a fully stack Time Migrated 3D
Seismic data. The properties of the seismic data are
summarized in Fig. 3. In general, the Well logs were
of good quality. The data were acquired, processed
and made available by Shell Nigeria. Hampson
Russell software was employed for data visualization
and interpretation.

Petrophysics Analysis of Sand_K2

Gamma-ray, neutron and density logs were combined
to define the sedimentary facies on the basis of the
sand shale ratio. Gamma ray readings of 26 to 30 API
were taken as clean sand, and readings of 40 to 70
API were reckoned as shaly sand. Values 80 to 110
APl were taken as sandy shale while readings from
110 to 130 were taken as pure shale. Using resistivity
logs, the reservoirs were identified and their
petrophysical properties determined. Elastic logs
such as acoustic impedance (Al), shear impedance
(SI), velocity ratios (Vp/Vs), Mu-Rho and Lambda-
Rho were computed from the logs and conditioned
for rock physics modelling.

Well-Based Rock Physics Analysis

Cluster analysis of Al vs SI vs Gamma Ray was used
to discriminate the reservoir from the surrounding
shale and to predict the distinctive seismic character
of the selected reservoir (SAND_K2) in terms of
acoustic  impedance and shear impedance.
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Subsequent cross-plot analysis was carried out to
model variation of seismic character within the
selected reservoir in relation to mineralogy, porosity
and pore-fluid. The effect of mineralogy was
modelled from cross-plots of Al vs. SI vs. Gamma
Ray, P-wave velocity vs. Porosity vs. Gamma Ray,
and Mu-Rho vs. Lambda-Rho vs. Water Saturation.
The effect of porosity was modelled from a
multivariate cross-plot of P-wave velocity vs.
Porosity vs. Gamma Ray. The effect of pore-fluids
was modelled from cross-plots of Vp/Vs vs. Al vs.
Water Saturation and Mu-Rho vs. Lambda-Rho vs.
Water Saturation. Results of multivariate cross-plot
were displayed in the form of rock physics templates
showing the link between reservoir parameters and
their seismic response.
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Figure 2. Regional stratigraphy of the Niger Delta
showing different Formations [32]

Quantitative Seismic Analysis

Using the outputs of Well-based rock physics
analysis, the seismic response of SAND_K2 was
computed for each modelled parameter, from which
cut-off values of amplitudes were determined in
terms of Al, P-wave velocity, lambda-Rho and
porosity. The cut-off values provided a set of data
that aids the identification and discrimination of the
reservoir at the well location and predicts the most
plausible lateral distribution of the reservoir and the

fluid contents away from the well location using
seismic data.

SEISMIC DATA — KUTI_Vol

Field Type Deep Offshore (Water depth of 100m)
Data Type 3D Post-Stack Time Migrated (PSTM)
Gather Type Common Depth Point (CDP)

Polarity Normal Polarity

Wavelet Minimum Phase

Dominant Freq 20 Hertz

Tuning
Thickness 36.2m

In-lines 1207 (669494 - 670701)
Cross-lines 885 (493777 - 494662)

{ARARARAANS 35880 sz RaaRa MaRRS
0 5 S B 0 X 3

Time (ms)

Figure 3: Summary of properties of the seismic data
used for the study and the extracted wavelet.

IVV. RESULTS AND DISCUSSION

Reservoir Identification and Lithostratigraphic
Framework

The result the of Seismic-to-well tie at the location of
Well KUTI-01(Fig. 4) shows a good character tie
(87% correlation). The reservoirs are generally
vertically stacked but thin and fall below seismic
resolution. Furthermore, there’s a very poor
impedance contrast between the sands and the
surrounding shale. These conditions will make it
practically impossible to image these reservoirs from
conventional seismic interpretation. Also, the wavelet
that defines each reservoir also extends to the
overlying seal (shale), indicating poor impedance
contrast between the sand and the surrounding shale.
The one-dimensional lithofacies framework (Fig. 5a)
reveals the various lithofacies penetrated by Well
KUTI-01. The entire column shows a general
coarsening-up sequence (progressive decrease in
gamma ray) from the base of the Well upwards as
indicated by the arrows. This reflects a characteristic
mud-dominated submarine fan system with a sand-
shale ratio increasing from the lower mud-dominated
section to the upper sandy section. The trapped sands
(K1-K4) within this system provide stacked
reservoirs which are penetrated by the Well (Fig. 5b).
These reservoirs facies show fining-up patterns
(increasing gamma ray), reflecting characteristic
submarine channel deposits (Fig. 5a). SAND_K2,
representing the most promising prospect, was
selected as the target reservoir. The result of the
petrophysical  evaluation of SAND_K2 s
summarized in Fig. 5c.

Elastic Characteristics of Sand_K2

Fig. 6 is the rock physics template derived from the
cross-plot of Al vs Sl colour-coded with gamma-ray
along the interval of the target reservoir and the
overlying shale. Two distinct clusters were observed
in response to the impedance contrast between the
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reservoir and the surrounding shale. The clusters
have been interpreted as reservoir SAND_K2 and
shale (sealing rock) based on the gamma-ray colour
code. The reservoir has an acoustic impedance range
of 4400 to 5200 (ms)*(g/cc) and a shear impedance
of 1100 and 1350 (ms)*(g/cc). On the other hand, the
shale has an acoustic impedance range of 6800 to
7400 (ms)*(g/cc) and a shear impedance range of
1600 to 1900 (ms)*(g/cc). The shale trend is in the
direction of increasing acoustic and shear impedance.
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Figure 4: Seismic-to- WeII Tie at location of WeII
KUTI-01 with a good character tie of 87%
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Flgure 5: (a) One- dlmensmnal Facies Model of Well
KUTI-01 showing the various lithofacies penetrated
by the Well; (b) shows the various reservoir facies
that exist within the column; and (c) shows result of
the petrophysical evaluation of target reservoir

(SAND_K2).
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Flgure 6: WeII based Rock Phy5|cs Template from
cross-plot of Al vs. Sl colour-coded with gamma ray
log along the interval of SAND_K2 and overlying

seal in Well KUTI1-01. Good discrimination between
lithologies and strong impedance contrast between
the reservoir and seal.

Effect of Clay Content and Porosity on Seismic
Characteristics of Reservoir

Effect of mineralogy on the seismic response of
SAND_Ka2 is represented in Fig. 7. The multivariate
cross-plot of Al vs Sl colour-coded with gamma-ray
(Fig. 7) produces two clusters in response to
mineralogical heterogeneity within the reservoir.
Based on the gamma-ray colour code, the clusters
have been interpreted as the clean zone and the shaly
zone. The clean zone has an Al range from 4000 to
4800 (ms)*(g/cc), and an Sl range from 1100 to 1500
(ms)*(g/cc). The presence of shale increases the
acoustic impedance and shear impedance slightly
above 4800 (ms)*(g/cc) and 1500 (ms)*(g/cc)
respectively. Owing to the higher density of shale and
the direct relationship between impedance and
density, the shaly zone has a higher impedance than
the clean zone.

Cross-plot of P-wave velocity vs Porosity colour-
coded with gamma-ray (Fig. 8) reveals the effect of
pore spaces and mineralogy on the seismic signature
of SAND_K2. Three distinct clusters are identified in
response to porosity and mineralogical variations
within the reservoir. The clusters have been
interpreted as clean sand, shaly sand and sandy shale
based on the gamma-ray colour code. The clean sand
has the highest average porosity of 36% and the
lowest P-wave velocity range of 2000 to 2400 m/s.
The presence of clay minerals decreases reservoir
porosity below 36% and down to 26% (sandy shale)
while increasing the P-wave velocity above 2400 m/s
and up to 3000 m/s (sandy shale). In general, the
presence of clay minerals in a clastic reservoir rock is
likely to clog up pore spaces within and reduce
sorting, thereby decreasing its effective porosity. As
pore spaces are clogged up, the minerals become
closer to one another due to cementation, thereby
increasing the seismic P-wave velocity of the
reservoir. Consequently, an increase in clay minerals
reduces the average porosity and increases P-wave
velocity (Fig. 8).

tance vs VpVs(prmary) Color Key

&
Shaly Zone 2
518
SEEEEESSEISs) 600
%

KUTI01

K2 Pampedance((mis)(p/ce)) -;90
Figure 7: Well-based Rock Physics Template from
cross-plot of Al vs.SI colour-coded with gamma ray
along the interval of SAND_K2 in Well KUTI-01,
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showing variation of impedance within the reservoir
in response to mineralogical heterogeneity.

Porosty(%)

Flgure 8: Well-based Rock Physics Templates from
cross-plot of P-wave velocity vs. Porosity colour
coded with Gamma ray for SAND_K2 in Well
KUTI-01, showing the variation of seismic P-wave
velocity within the reservoir in response to change in
mineralogy and porosity.

Contribution of Pore-Fluid and Mineralogy on
Seismic Response of SAND_K2

The contribution of pore-fluid and mineralogy on the
seismic response of SAND_K?2 is represented by the
template in Fig. 9. Cross-plot of Mu-Rho vs Lambda-
Rho colour coded with water saturation (Fig. 9)
reveals changes in the reservoir’s rigidity and
incompressibility respectively, in response to fluid
and mineralogical variability. Lambda is an elastic
property of rock known as incompressibility, derived
from seismic P-wave. It responds primarily to the
type of fluids filling the pore spaces. Denser fluid
like brine increases incompressibility, while
hydrocarbon reduces incompressibility with gas
having the most reducing effect. Therefore, the
product of Lambda and density (Lambda-Rho) gives
good discrimination between different pore fluids. On
the other hand, Mu is an elastic parameter of rocks
known as rigidity, derived from seismic shear waves.
It is a measure of resistance exerted by the rock
matrix to shearing. Therefore, it responds primarily to
mineralogy. The value is usually higher in the sand
because sand particles offer more resistance to
shearing than shale. The product of rigidity (Mu) and
density (Mu-Rho) provides good discrimination
between sand and shale. In Figure 9, the clean
(sandy) zone is towards the quartz line with higher
values of Mu-Rho, indicating high rigidity.
Meanwhile, the shaly zone is towards the shale line
with lower values of Mu-Rho, indicating lower
rigidity. The shaly zone contains mostly brine, and
has a higher average value of Lambda-Rho (about
26.1 (GPa*g/cc)), indicating higher
incompressibility. The clean (sandy) zone contains
mostly hydrocarbon, and a lower average value of
Lambda-Rho (about 23.9 (GPa*g/cc)), indicating
lower incompressibility.  The  presence  of

hydrocarbon reduces the incompressibility of the
reservoir below the Lambda-Rho value of
25(GPa*g/cc), with gas (A) causing a reduction
further below 24 (GPa*g/cc).
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Figure 9: Well-based Rock Physics Template from
cross-plot of Mu-Rho vs Lambda-Rho colour coded
Water Saturation for SAND_K2 in Well KUTI-01,
showing changes in the reservoir rigidity and
incompressibility in response to fluids and
mineralogical variability: A —gas filled pores; B — oil
filled pores.

Modelling of Seismic Response to Pore Fluids

The response of different pore fluids on the seismic
signal of the reservoir is symbolized by the template
in Fig. 10. Multivariate cross-plot of velocity ratios
vs Al, colour coded with water saturation (Fig. 10)
reveals variation in the acoustic impedance within
Sand_K2 in response to fluid heterogeneity in the
pore spaces. Two distinct clusters are evident which
have been interpreted as hydrocarbon-fill pores and
brine+ hydrocarbon-fill pores based on the water
saturation colour code. The hydrocarbon-fill pores
produced an acoustic impedance response between
4100 and 4700 (ms)*(g/cc). The mixed fluid pores
created an acoustic impedance response above 4700
(ms)*(g/cc). Because brine is generally denser than
hydrocarbon and impedance is directly related to
density, the presence of brine in the mixed fluid pores
causes these pores to have higher acoustic
impedance. The effect of pore-fluids on velocity
ratios is quantitatively negligible (less than 0.0001).
Qualitatively, however, the hydrocarbon-fill pores
have slightly higher values of velocity ratios than the
mixed fluid pores (Fig. 10). Conventionally, brine
pores tend to have higher velocity ratios than
hydrocarbon pores owing to higher P-wave value.
However, the presence of a significant volume of
hydrocarbon (most likely dissolved gas) in the mixed
fluid zone must have reduced the incompressibility of
the rock matrix, and hence the seismic P-wave
velocities, resulting in slightly lower values of
velocity ratios. Similar results were obtained from a
seismic-based cross-plot of velocity ratios vs.
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acoustic impedance using seismic amplitudes
extracted from model-based inversion (Fig. 11). The
hydrocarbon-fill pores have slightly higher velocity
ratios, but lower Al than the mixed fluid pores. Also
within the hydrocarbon-fill pores, two distinct
clusters are produced in response to different
hydrocarbon types; oil (B), which has higher acoustic
impedance than gas (A) owing to its density.
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Figure 10: Well-based Rock Physics Template from
cross-plot of Vp/Vs vs. Al colour coded with Water
Saturation for SAND_K2 in Well KUTI-01, showing
the variation of acoustic impedance within the
reservoir in response to different pore fluids.
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Figure 11: Seismic-based Rock Physics Template
from cross-plot of V,/V;s ratios amplitude vs Al
amplitude for SAND_K2 within the location of Well
KUTI-01, showing the variation of acoustic
impedance within the reservoir in response to
different pore fluids.

Elastic Properties and Seismic Response of Sand_K2
Results of the quantitative rock physics analysis of
Sand_K2 are summarized in Tables | and Il. Table 1a
represents the elastic properties of the reservoir
relative to the surrounding shales in terms of acoustic
impedance and shear impedance. Table Il represents
the seismic response of the reservoir due to
mineralogy, porosity and pore fluids. Rock physics
modelling, using available logs and petrophysical
evaluation has helped in better understanding sub
seismic reservoir, and allows further interpretation of
the lateral distribution of the reservoir possible using
seismic amplitude information.

Table I: ELASTIC PROPERTIES OF SAND_K2
RELATIVE TO THE SURROUNDING SHALE

Acoustic Shear
Impedance(ms)*(g/cc) Impedance(ms)*(g/cc)

Reservoir Sand/ Reservoir Sand/

Shale/ Shale/
Cut-off Value Cut-off Value
4200 - 5000 1100 - 1500
Above 5000 Above 1500
5000 1500

Table II: SEISMIC RESPONSE OF SAND_K2

Al(ms)*(g/cc) Sl(ms)*(g/cc) P-wave (m/s) Porosity (%)
Clean Sand/ Clean Sand/ Lambda-Rho
Clean Sand/ Clean Sand/ Shaly-Sand/ Shaly-Sand/ (GP*glcc)
Shaly-Sand/ Shaly-Sand/ Cut-off Value Cut-off Value Gas/
Cut-off Value Cut-off Value Qill
Brine/
Hydrocarbon
-Brine Cut-
off
4000 — 4800 1100 — 1500 2000 — 2400 32-40 23-24
Above 4800 Above 1500 Above 2400 23-30 24-25
4800 1500 2400 30 Above 25

V. CONCLUSION

The target reservoir (SAND_K2) is a channel
sand of a mud-dominated submarine fan system
penetrated. SAND_K2 has thickness of 32.8m with
shale volume of 12%, average porosity of 33% and
hydrocarbon saturation of 97.3%. The P-wave
velocity, rigidity (Mu-Rho), acoustic and shear
impedance provided good lithologic discrimination
between SAND_K?2 and the surrounding shale.
Lambda-Rho amplitude differentiated between
hydrocarbon-fill pores and brine-fill pores while the
seismic amplitude further segregated the gas and oil
within the hydrocarbon-fill pores; The study has
shown that well log derived Rock physics attributes
(integrated with seismic characters), can assist in
improved identification,  discrimination  and
interpretation of sub seismic reservoirs and allow
prediction of the lateral distribution of such reservoirs
away from wellbore, consequently reducing
exploration risks.
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