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Abstract

Litthofacies classification and petrophysical properties evaluation plays an important role in reservoir
description by reducing ambiguities connected to the increase in reservoir prediction. The lower
Miocene reservoirs in the Rhoda field, onshore Niger Delta were affected by subsurface complexities
mostly related to depositional and systematic effect of clay volume. In this study, well-log attribute
crossplots were employed to correctly define lithofacies and petrophysical evaluation approaches to
ascertain the reservoir properties of the sandstone intervals in OLU-121 well of the Rhoda field, Niger
Delta. The crossplots of acoustic impedance with gamma-ray and velocity ratio were produced using
the Hampson Russel software. The result of the crossplots populations shows four major lithofacies
classified to be sandstone, sandy-shale, shaly-sand, and shale. Petrophysical analysis shows that two
major lithofacies of sandstone and shale. D-3000, F-1000 and F-2000 reservoirs were found to be
hydrocarbon saturated, while reservoir F-1500 was brine saturated. The average porosity of these
reservoirs ranges between 0.180 to 0.320 frac. This study has shown that the crossplot technique can
be utilized to better define reservoirs for further well development. It is worth mentioning that detailed
characterization of subsurface reservoirs have important implications in the sustainability of reservoir
performance.
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1. Introduction

Lithofacies description and petrophysical evaluation are indispensable features of reservoir
characterization studies, due to key roles they play in predicting sustainability and producibility
of reservoirs [, Effective classification of lithofacies with good understanding of certain geo-
logical factors like lithology, mineralogy, and diagenesis is essential for optimum hydrocarbon
production through the application of reservoir models [2-3], In achieving a reasonable reser-
voir depiction model, core samples and well-logs are commonly utilized due to the accuracy
they have in vertical resolution 4], However, due to the complexity of the Niger Delta basin,
resulting from depositional and systematic effect of clay volume [5-¢], these core and well-logs
data show slight information about the distribution/classification of reservoir properties [11, On
the contrary, petrophysical parameters such as shale volume, water saturation and porosity,
and rock physics attributes like acoustic impedance and velocity ratio generated from well-
logs ensure better information on the distribution and quantitative reservoir characterization
[7-10]1 In this regard, good knowledge of lithofacies and petrophysical reservoir properties
analysis could be achieved by integrating well-log attributes crossplots and petrophysical evalua-
tion.

Over the past years, crossplotting of well-log attributes and petrophysical evaluation have
contributed efficiently in hydrocarbon industries by reducing ambiguities connected to the
characterization of reservoir properties, therefore refining reservoir assessments [/ 11-16]
Anyiam et al. [*] as well as Luo et al. [*7]1 had established that lithologies such as sandstone,
shale, and sand-shale intercalations, and certain reservoir properties like porosity and fluid
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saturation, can be delineated using well-log crossplots (e.g. gamma-ray vs density, velocity-
ratio vs porosity, velocity-ratio vs acoustic impedance). Senosy et al. [*8] had also demon-
strated that sand, shale and siltstone lithologies, with their associated fluid contents, and also
certain reservoir parameters similar to porosity, water saturation and volume of shale, can be
calculated through petrophysical evaluation.

The objective of this study is to provide a more detailed reservoir characterization on the
identified reservoir units based on lithofacies and petrophysical properties through the appli-
cation of crossplot populations [8] and petrophysical evaluations.

2. Geological setting

Rhoda field is located in the Coast Swamp Depobelt of the onshore Niger Delta basin (Fig. 1).
The stratigraphic arrangement within the study area is formed from a major regressive cycle
that resulted in the deposition of allocyclic units of transgressive marine sand, marine shale,
shoreface and fluvial back swamp deposits [19-20],
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Fig. 1. Location map of studied area. (a) Map showing the location of Niger Delta Basin (modified after [201),
(b) Centralized focus on Niger Delta Basin displaying the studied Rhoda field and wellbore distribution
across the survey
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The three lithostratigraphic units in the study area starting from the top are the continental
facies of Benin Formation, paralic delta front facies of Agbada Formation and pro-delta facies
of Akata Formation (Fig. 2a). The Akata Formation which is the oldest of the three lithostrat-
igraphic formations with age ranging from Eocene to recent, are characterized as deep marine
shales representing the source rock [1% 21-221 These marine shales are formed during the early
development stages in Niger Delta progradation and are typically under-compacted and over-
pressured. These shales also form diapiric structures including shale swells and ridges which
often intrude into overlying Agbada Formation (Fig. 2b). The Agbada Formation is the major
oil-producing formation in the Niger Delta Complex Basin, and overlies the Eocene Akata For-
mation, which is the principal source hydrocarbon source rock [231, This Formation is estimated
to be approximately 13,000 feet and bears the reservoir rock and seal for hydrocarbon build-
up 241, The upper part of the Agbada Formation is recent, the middle part comprises com-
pletely non-marine shale deposits, and the lower part, which extends to a depth of 4600 feet
(ft), is defined by the earliest marine shale. The reservoir thickness within the Agbada For-
mation is seen within the range of limited feet smaller than 45ft (14 meters) to fewer feet
above 150ft (46 meters), thinning toward down-thrown sides of growth faults [251. The Benin
Formation comprises the top part of the Niger Delta clastic wedge, from the Benin-Onitsha area
in the north to beyond the coastline [211,
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Fig. 2 a Stratigraphy of the Niger Delta showing the lithologic units of the three formations (adopted
from [22]), b Generalized dip section of the Niger Delta showing the structural features of the Delta
(adopted from [20])

The migration pathways of the Niger Delta basin stems from the existing structural features
such as rollover anticlines, antithetic faults, collapsed crest faults, multiple growth faults, and
back-to-back faults [19-26-27] 35 seen in Fig. 2b with most of these faults offsetting at different
parts of the Agbada Formation and flattening into Eocene detachment planes near the top of
the Akata Formation [28],

3. Dataset and methods
3.1. Dataset

The dataset used in the current study comprises the well log data which was provided by
Shell Petroleum Development Company (SPDC), Nigeria. This data comprising well logs from
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OLU-121well, obtained from the Rhoda Field of the Niger Delta, was analysed using the Hamp-
son Russell software to display petrophysical and rock physics well log attributes, and related
crossplots that were interpreted.

3.2. Methods

The well-log attributes such acoustic impedance (P-Impedance), and velocity ratio
(VpVs_Ratio) were first generated using the Hampson Russell software (Fig. 3) by applying
the linear equations: P-Impedance = Vp x p where Vp = p-wave in ft/s, p = density in g/cc;
VpVs_Ratio = Vp/Vs where Vs = s-wave in ft/s. After the successful generation of these at-
tributes, crossplots of gamma-ray log with P-Impedance (Fig. 4a), and VpVs_Ratio with P-
Impedance (Fig. 5a) were generated using same Hampson Russell software. These crossplot
populations were used to accurately delineate the different lithofacies and mark out the res-
ervoir units for further petrophysical evaluations. Primary well logs such as gamma-ray, re-
sistivity, density and sonic from OLU-121well were used for the evaluations. Then, the shale
volume (Vshale) was estimated (Fig 3, Track 4) using the [2°] equation for Tertiary rocks;
Vshale = 0.083(2(3.7 x x) - 1), where x represents the gamma-ray index. The interval of
evaluation is 0.5 ft. Assessment of reservoir porosity was done (Fig 3, Track 8) using the
density log (RHOB), which is given as ¢ = pma - pobs/Pma - pr, where ¢ = porosity, pma = matrix
density (sandstone = 2.65 grams/cc), pobs = log density, pr = fluid density (fresh water = 1.09
grams/cc). Water saturation (Sw) was evaluated (Fig 3, Track 6) using [*!] equation; Sw" =
a/e™ x Rw, Rt, where a = cementation factor (1), m = cementation exponent (1.8), n =
saturation exponent (1.9), Rw = resistivity formation water (0.65), Rt = true formation resis-
tivity.
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Fig. 3. Well logs display showing lithologic relationship across logs in OLU_121 well. Observe sandstone
lithology at the upper section of both reservoirs with low gamma ray and high resistivity value

4. Result description and interpretation
4. 1. Lithofacies characterization using well-log attribute crossplot models
4.1.1.Description

Fig. 4(a, b) reveals well attribute crossplot and cross-section respectively of gamma-ray vs
P-Impedance generated from OLU-121well. Four populations represented with colours such
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as yellow, red, aqua blue and blue characterizes different lithologies (Fig. 4a). The colour
scheme and colour attribute used in the interpretation of these populations were lithology and
Vshale (volumetric) respectively. The Vshale display values that ranges between 0.00 - 0.72
fraction. These values increase with increasing amount of shale which were clearly represented
in the crossplot domain (Fig. 4a). The gamma-ray and P-Impedance values range from 40 -
105 API and 21000 - 28000 (ft/s) * (g/cc) respectively. These well attributes increase with
more presence of shale and decreases towards sand compartments (Fig. 4a).
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Fig. 4a. Gamma-ray versus acoustic impedance (P-Impedance) crossplot for F-1000 and F-2000 reser-
voirs in OLU-121 well
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Fig. 4b. Well attribute cross-section of gamma-ray and acoustic impedance (P-Impedance) for F-1000
and F-2000 reservoirs. Observe the discrimination of various lithologies within the examined reservoirs
with colour codes
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Fig. 5(a, b) reveals also the well attribute crossplot and attribute cross-section of VpVs_Ra-
tio and P-Impedance from the examined OLU-121well. Four populations signified with green,
yellow, red and black colours were used to delineate the reservoir lithology (Fig. 5a). Lithology
and water saturation were selected as the colour scheme and colour attribute respectively for
the understanding of various populations. Water saturation show values that ranges from 0.01
- 1.00 (0.Sw). These values that increases with the increasing amount of brine in rocks were
used to delineate populations represented in the crossplot domain (Fig. 5a). The VpVs and P-
Impedance attribute values fall between 1.85 - 2.15 and 21000 - 27500 (ft/s) * (g/cc) re-
spectively. The VpVs attribute is more sensitive to fluids and was used in lithological classifi-
cation given that, sandstone lithology represents more of a possible hydrocarbon accumulator
due to its high porosity features, while shale represents more of brine saturation as a result
of its high cementation effects and low porosity.
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Fig. 5a. VpVs_Ratio versus acoustic impedance (P-Impedance) crossplot for F-1000 and F-2000 reser-
voirs in OLU-121 well

Fig. 4b and 5b shows the attribute cross-sections generated from crossplot domains in Fig.
4a and 5a respectively. These cross-sections discriminate reservoirs from non-reservoirs, and
also shows the sensitivity of these well log attributes to reservoir sandstone formation. The
legends represented below (Fig. 4b, 5b), were used in identifying various lithologies using
colour codes.

4.1.2.Interpretation

The yellow population associated with low values of Gamma-Ray ranging between 0 - 62
API, and moderate to low values of P-Impedance ranging from 21,200 - 26,800 (ft/s) * (g/cc)
(Fig. 4a) were interpreted as sandstone lithology. The observed lower values of the Gamma-
Ray suggest possible effect of high net-to-gross ratio [°1. The red population linked with mod-
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erate to low values of Gamma-Ray ranging from 64 - 79 API, and moderately-low P-Imped-
ance values that falls between 23,200 - 27,000 (ft/s) * (g/cc) (Fig. 4a), correspond to sandy-
shale lithology [29]1, These observed moderately-low values of Gamma-Ray represented with
red population could be related to little increase of shale intercalation to sand [°1. The light-
blue population associated with moderate to high values of Gamma-Ray ranging between 82
- 94 API, and moderate values of P-Impedance ranging from 22,800 - 27,000 (ft/s) * (g/cc)
(Fig. 4a) were interpreted as shaly-sand lithology [2°], The moderately-high gamma-ray values
suggest large increase of shale intercalation to sand (large decrease in net-to-gross ratio),
compared to the red population characterized to be sandy-shale [°1, The blue population re-
lated to high values of gamma-ray ranging between 82 - 94 API, and moderate P-Impedance
values ranging from 24,200 - 32800 (ft/s) * (g/cc) (Fig. 4a), correspond to shale lithology [2°],
The observed high gamma-ray values indicate low-rigidity modulus and high densities associ-
ated with shale. The well attribute cross-section (Fig. 4b) discriminates reservoirs F-1000 and
F-2000 from non-reservoir zones. The dominant yellow colouration associated with F-1000
and F-2000 reservoirs in the well cross-section (Fig. 4b), correspond to sandstone lithology,
while low display of red and light-blue colours represented in little proportion towards the top
and base of F-1000 reservoir (Fig. 4b), corresponds to sandy-shale and shaly-sand lithologies
respectively [/ 8],
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Fig. 5b. Well attribute cross-section of VpVs_Ratio and acoustic impedance (P-Impedance) for F-1000
and F-2000 reservoirs. Observe also lithologic differentiation within the examined reservoirs with colour
codes
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The yellow population connected with low values of VpVs_Ratio ranging between 1.87 -
1.99, and moderately low P-Impedance values that falls below 25,400 (ft/s) * (g/cc) (Fig. 5a)
were interpreted as sandstone lithology [8]. The noticed lower values of the VpVs_Ratio could
be seen from effects of high-incompressibility and lighter fluid (hydrocarbon) saturation [°],
The green population associated with low values of VpVs_Ratio ranging from 1.88 - 1.95, and
moderate to high P-Impedance values that falls between 25,200 - 27,200 (ft/s) * (g/cc) (Fig. 5a),
correspond to sandy-shale lithology. The observed moderate to high P-Impedance values sug-
gests low to moderately-high compressibility of sandy-shale due to slight increase in shale.
The red population connected with moderate values of VpVs_Ratio and P-Impedance that
ranges between 1.97 - 2.01 and 23,500 - 24,600 (ft/s) * (g/cc) respectively (Fig. 5a) were
interpreted as shaly-sand lithology). The observed average values of these attributes suggest
moderate to high compressibility of the rock due to increasing amount of shale and likely
presence of denser fluid (brine). The black population associated with moderate to high values
of VpVs_Ratio ranging from 2.01 - 2.15, and moderate P-Impedance values that fall between
22,800 - 25,400 (ft/s) * (g/cc) (Fig. 5a), correspond to shale lithology. The observed moder-
ate to high values of VpVs_Ratio for shale, compared to sand suggests low-rigidity modulus
and high presence of brine saturation (see also [°-10]), The yellow and green colours connected
with F-1000 and F-2000 reservoirs in the well cross-section (Fig. 5b) were correspondingly
interpreted as sandstone and sandy-shale lithologies, while the red colour towards the upper
part of F-1000 reservoir, corresponds to shaly-sand lithology [81, The diagonal black thick line
associated with the crossplot domain (Fig. 5a) was interpreted as the hydrocarbon discrimi-
nation line. The observed black line suggests potential hydrocarbon zones to be yellow, green
and red populations, and brine saturation compartment to be the black population [20],

4.1.3.Description

As seen from the gamma-ray log (Fig. 3, Track 1), four distinctive reservoirs described as
D-3000, F-1000, F-1500 and F-2000 were delineated. The three reservoirs represented with
yellow colours display a blocky depositional style, except the tiny blue colour F-1500 reservoir
that shows a coarsening upwards depositional trend. High resistivity and moderate to low
density responses correspond to low gamma-ray values for reservoirs represented with yellow
colour, while low resistivity and moderately-low density values correspond to low gamma-ray
response for blue coloured F-1500 reservoir. Other well intervals represented with grey colour
displays low resistivity and moderate to high density values that corresponds to high gamma-
ray responses. Petrophysical properties such as Vshale, water saturation and porosity display
low values within reservoirs interval which corresponds to high resistivity and low gamma-ray
responses. Rock physics attributes like P-impedance and VpVs_Ratio displayed in track 7 of
the well section (Fig. 3) showed low values of VpVs_Ratio, and moderate to low values of P-
Impedance within the reservoir intervals, which corresponds to high resistivity and low-
gamma-ray responses. Estimated Vshale and porosity for the reservoirs display low values
ranging between 0.334 and 0.452 frac, and 0.180 - 0.320 frac respectively (Table 1). The
water saturation reveals low values ranging between 0.356 - 0.450 for the yellow-coloured
reservoirs, and a high value of approximately 0.945 frac for the blue coloured F-1500 reservoir
(Table 1).

Table 1. Summary of petrophysical results from OLU-121well

Average water

lFJ{I(:isttzrvow Interval (ft) NeEFSE?nd Avera(gFerapc(;roswy saturation Avera(?:t:a\(/:;shale
(Frac)

D-3000 9150 - 9176 0.625 0.320 0.415 0.375

F-1000 9289 - 9386 0.691 0.280 0.450 0.334

F-1500 9400 - 9425 0.585 0.260 0.945 0.452

F-2000 9505 - 9592 0.678 0.180 0.358 0.440
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4.1.4. Interpretation

The reservoir intervals delineated with yellow colour, associated with high resistivity and
moderate to low density values that correspond to low gamma-ray values (Fig. 3) were inter-
preted as hydrocarbon-saturated sandstone lithology [2°], The tiny reservoir interval described
with blue colour, associated with low resistivity, moderately-low density and high-water satu-
ration values corresponding to low gamma-ray response (Fig. 3) was interpreted as brine-
saturated sandstone. The intervals displayed in grey colour which is connected with low resis-
tivity and moderate to high density values that relates to high gamma-ray responses (Fig. 3),
correspond to shale lithology. The low Vshale values associated with the reservoirs (Fig. 3)
correspond to clean sandstone units [], The low porosity values associated with the reservoirs
(Fig. 3, Table 1) suggest good porosity features capable of maintaining a steady fluid flow [],
The low water saturation values connected with D-3000, F-1000 and F-2000 reservoirs (Fig. 3,
Table 1), correspond to sandstone reservoirs saturated with more hydrocarbon fluid, com-
pared to brine fluid. This interpretation was supported with high resistivity and low-density
response within the reservoir intervals. The high values of water saturation associated with F-
1500 reservoir (Fig. 3, Track 1) was interpreted as brine saturated sandstone reservoir. This
interpretation was confirmed with the low gamma-ray and low resistivity response of the reservoir
unit.

5. Discussion

Based on the analysis results from direct and indirect equations on OLU-121 well-log data
of the Rhoda field, the crossplotting analysis and petrophysical evaluations as an appropriate
method were used for thorough reservoir characterization in prediction of lithofacies and
petrrophysical propeties of the reservoir sandstone units. The results from crossplot analysis
show that significant part of the reservoir sandstones in the Rhoda field are characterized by
low values of gamma-ray and VpVs_Ratio that corresponds to low values of Vshale and water
saturation, as they are considered as porous hydrocarbon sandstones. Wide variations in
gamma-ray and VpVs_Ratio from low to high values that are related to depositional and sys-
tematic effect of clay volume of sandstones in the field, can be considered as an indication
showing variations in net-to-gross, and fluid content of the reservoir sandstones. In other
words, low gamma-ray and VpVs_Ratio are compatible with clean sandstones and hydrocar-
bon fluid saturation and vice versa. These means that sandstones lithofacies with low gamma-
ray values are cleaner than those with moderately-high values for this parameter. Also, litho-
facies with low values of VpVs_Ratio are more likely to be hydrocarbon sands than those with
moderate and high values. So, gamma-ray and VpVs_Ratio can be used as main well-log
attributes in the characterization of lower Miocene reservoirs in the Rhoda field. The well-logs
section of predicted petrophysical properties ffrom OLU-121 well are shown in Fig. 3 (Track 4,
5 and 6). The results from the three petrophysical properties estimated to be Vshale, water
saturation and porosity indicate that low values of these properties correspond to high resis-
tivity and low gamma-ray responses which are directly associated with hydrocarbon reservoir
sandstones in the Rhoda field. This means more porous sandstones with high resistivity are
basically more clean sand with hydrocarbon fluid. Based on these results, the well intervals
are classified into 3 main zones based on the variations of these well-log attributes which are
in accordance to depositional and clay volume effects of the lithological units.

The reservoir delineation results using well-log attribute crossplots from OLU-121 well re-
veals distinct lithofacies of sandstone, sandy-shale, shaly-sand and shale, which agrees with
results of [1] in their application of crossplots in lithology delineation and petrophysical evalu-
ation of three wells in the western Coastal Swamp, Niger Delta, and [2°] in their application of
crossplots and prestack seismic-based impedance inversion for discrimination of lithofacies
and fluid prediction in an old producing field, Eastern Niger Delta Basin.. However, the cross-
plotting models and petrophysical evaluations make an understanding of the distribution and
quality of the lower Miocene reservoirs of the Niger Delta basin in the studied field. The results
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obtained in this study can be used as a powerful tool for risk reduction in achieving a more
quantitative characterization of these reservoir sandstones to maximize production.

6. Conclusion

This present study reveals the utilization of well-log data, crossplot techniques and petro-
physical evaluations in the investigation of lithofacies and petrophysical properties of lower
Miocene reservoirs in the Rhoda field, onshore Niger Delta. To reach this goal, well-log data
were evaluated, followed by the application of direct and indirect relationships (log transforms)
to produce certain petrophysical parameters like porosity, water saturation and shale volume,
and rock physics properties such as acoustic impedance and velocity ratio. The crossplot of
Gamma-ray and P-Impedance, with Vp/Vs_Ratio and P-Impedance shows that the examined
reservoirs are classified into four lithological groups, which are sandstone, sandy-shale, shaly-
sand, and shale. The results also confirmed the probable zones of hydrocarbon accumulation
(left-hand side) through the delineation of hydrocarbon discrimination line. The petrophysical
results confirmed that the reservoirs are moderately clean, containing clay volumes showing
low values of 0.375, 0.334, 0.452 and 0.440 frac for D-3000, F-1000, F-1500 and F-2000
reservoirs respectively. The water saturation reveals moderate to low values of 0.415, 0.450
and 0.358 frac for D-3000, F-1000 and F-2000 respectively which are classified to be hydro-
carbon reservoir sandstones, and high value of about 0.945 frac for F-1500 reservoir catego-
rized to be brine saturated sand. Similarly, the porosities of the reservoir units are good,
indicating low porosity values across the reservoirs to be 0.320, 0.280, 0.260 and 0.180 frac
for D-3000, F-1000, F-1500 and F-2000 respectively. These low porosity values encourage
free fluid-flow within the pore spaces of rock. Conclusively, the generated crossplotting models
and petrophysical evaluations can stand as a premise for quantitative seismic interpretation,
thus reducing risks connected to prospect evaluation.
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