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Abstract Sequence stratigraphic concepts for continen-
tal settings were assessed to analyze depositional systems
of the formations penetrated by wells in the Otumara
field. Identification and delineation of five sequences and
their bounding surfaces was carried out using well logs.
Reservoir sands A to D were mapped using conventional
3-D seismic interpretation techniques. Geostatistical sim-
ulation was carried out to provide equiprobable represen-
tations of the reservoirs, and the distribution of reser-
voir parameters and system tracts delineated from the
stratigraphic framework. The modeled reservoir properties
resulted in an improved description of reservoir distribution
and connectivity. Reservoir sands A and B have the highest
distribution of both highstand systems tract (HST) and low-
stand systems tract (LST) deposits, while reservoir sands
C and D have the lowest. Since reservoir sands C and D
are from deeper depth, the results indicate that HST and
LST decrease with depth while transgressive systems tract
(TST) increases with depth. Correlating the 3-D geostatis-
tical model with structures shows prospects with low and
high hydrocarbon saturation. Crossplot of porosity and per-
meability for all reservoirs yielded good correlation. The
crossplot of systems tract and hydrocarbon saturation with
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lithofacies as Z value shows a strong correlation of 0.89.
The result also indicates that high hydrocarbon saturation
is related to sandy facies of lowstand systems tract. Thus,
the LST has the highest hydrocarbon potential. The models
resulting from this study can be used to improve reservoir
management and well placement, and to predict reservoir
performance in Otumara field.
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Simulation - Seismic

Introduction

Modeling of complex reservoirs requires a combination
of conceptual stratigraphic models and geostatistical sim-
ulations. The approach consists of predicting the overall
reservoir geometry and their extension with a stochas-
tic conceptual model. The development of high-resolution
stratigraphy has considerably improved our understanding
of genetic unit architecture as a function of accommoda-
tion variations (Posamentier et al. 1988; Van Wagoner et al.
1987). Application of such methodology at the reservoir
scale provides a stratigraphic framework that may reduce
the risk of misties between different genetic units. Fur-
thermore, these conceptual models can be used to predict
reservoir extent and architecture up to a certain level such
as the estimation of channel amalgamation or shoreface
sequence extension (Cross et al. 1993). Sand/shale ratios
and gross reservoir quality can also be estimated by such an
approach. In many cases, conceptual models are essential at
the scale of the reservoir unit, but their accuracy commonly
remains insufficient to realistically predict the distribution
of internal heterogeneities (Haldorsen and Damsleth 1990).
Stochastic approaches are now more frequently applied to
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simulate the distribution of small-scale sedimentary bodies
and internal reservoir heterogeneity (Alabert and Corre
1991; McDonald et al. 1992; Massonnat et al. 1993;
Shanor et al. 1993). Geostatistical approaches also pro-
vide equiprobable realizations of the heterogeneity distri-
bution. This flexibility can be used to evaluate the impact
of different geological scenarios, which contribute to the
optimization of a field development plan. The study pre-
sented here combines both stratigraphic and geostatisti-
cal approaches. Sequence stratigraphic analysis was per-
formed and this resulted in the defining of reservoir lay-
ering. Within this framework, geostatistical simulations
provide different realizations of the small-scale geological
heterogeneities.

Study area and geology
The field is situated a few kilometers north of Warri, Niger

Delta. The Niger Delta is situated on the continental margin
of the Gulf of Guinea (Fig. 1) and extends throughout

the Niger Delta Province (Klett et al. 1997). It occurs
at the southern end of Nigeria between latitudes 3° and
6° N and longitudes 3° and 9° E. It covers an area of
about 75,000 km?. Stable mega tectonic frames such as the
Benin and Calabar flanks mark the northwestern and eastern
boundaries of the delta, respectively, while the Anambra
Basin and the Abakaliki High mark the northern boundary.
The delta is bounded in the south by the Gulf of Guinea
(Mode et al. 2014).

The Tertiary Niger Delta formed the petroleum sys-
tem (Kulke 1995; Ekweozor and Daukoru 1984). The
sequence consists of alternation of clastic lithologies that
occur in combined depositional packages of progradation
offlap cycles. These depositional packages comprise of
sandstones, silts, and shales of much resemblance, irrespec-
tive of their age in the sequence. The stratigraphic sequence
consists of massive continental sands of the Benin For-
mation above 914 m (3000 ft), the paralic sequence of
the Agbada Formation (from 914-3658 m) which formed
the reservoir units, and Akata Formation below 3658 m
(Doust and Omatsola 1990). The Akata Formation is of
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Fig. 1 Location map of the study area
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Fig. 2 Stratigraphic column
showing the three formations of
the Niger Delta (After Shannon
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marine origin and composed of thick shale which serves as
potential source rocks (Fig. 2). The complete progradation
clastic depositional sequence reaches an optimum thickness
of 30,000-40,000 ft (9000-12,000 m) at the approximate
depocenter in the central part of the delta (Avbovbo 1978;
Kulke 1995).

Most of the structural features present in the Niger Delta
are caused by the extensional deformation in the sedimen-
tary fill. Basement tectonics played a limited role in the
structural evolution of the Niger Delta as its influence was
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largely limited to the delta farther south, along the Equa-
torial Atlantic Oceanic fracture zones. Complex interaction
between sediment supply rates and subsidence controlled
the structures and stratigraphy of the delta. Most visible
extensional faulting occurred in the paralic portion of each
deltaic sequence (Tuttle et al. 1999; Kogbe 1976). The struc-
ture found in the field consists of a simple rollover bounded
to the North by a major growth fault and a minor antithetic
crestal fault. They are generally of low-relief, elongated
anticlinal structures with flank dips of a few degrees. The
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Table 1 Lithological classification

Table 2 Systems tracts classification

Lithology Code GR Range (API) Systems tract Code Color

Shale 2 >75 Highstand 0 Green
Shaly sand 55-65 Transgressive Light brown
Sand 0 <55 Lowstand 2 Yellow

crest is rather flat and the axis that shifts from northeast to
southwest, with depth, runs parallel to the bounding fault.
The reservoirs chosen for this study were within the Agbada
Formation.

Methodology

The data used for this study comprised digital wireline
logs (e.g., gamma ray, resistivity, and density logs) from
eight wells, check shot, and seismic lines (700 crossline and
600 inline) covering a total area of about 165 km?. Post-
processings such as data cropping and data smoothing with
structural preserving algorithms were carried out to improve
the quality of the seismic data. Figure 3 shows base map of
the study area.

Basic assumptions
In all stratigraphic models, the application of geostatistical

methods assume that volumes are conserved between the
physical and the chronostratigraphic spaces (Mallet 2004;

the reservoirs are heterogeneous and anisotropic, and the
reservoir properties exhibit spatial dependence.

Log estimation: lithologic classification

The Agbada Formation in the Niger Delta is basically made
of sand-shale intercalation. Using the defined codes and
gamma ray values in Table 1, discrete sand-shale lithologic
logs are identified.

Log estimation: effective porosity

Porosity (¢p) is calculated from the density logs using Eq. 1

op =27 (1)
Pg — Pf

where pg is the grain density (2.65 g/cc), pp is the bulk den-

sity from the density log, and py is the apparent fluid density

(1.01 g/cc).The formations are shaly; therefore, effective

porosity (¢e) is estimated using Eq. 2 (Dewan 1983).

Prévost et al. 2005); therefore, scale and volume support de = bp — Vh — Psh )
. . . € S|
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Fig.5 Well log to seismic tie

where pgn and Vy, are the density (2.66 g/cc) and volume of
shale, respectively. The shale volume Vj, is estimated from
the gamma ray log.

Log estimation: estimation of true formation resistivity (R;)
and water saturation (Sy,)

Deep laterolog (LLD) measures the true resistivity of the
formation assuming that the thickness >1 m (~3 ft) and
invasion is not too deep (Asquith and Krygowski 2004).
Water saturation is calculated using Eq. 3. The total shale

a

water saturation model is based on laboratory investigations
and field experience which shows that, for many shaly for-
mations, regardless of the shale distribution (laminated or
dispersed), this equation works well over the range of S,
normally encountered in the field (Asquith and Krygowski
2004).
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Fig. 6 Typical variogram. a Vertical semivariogram of porosity b porosity semivariogram at azimuth 135
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a

Fig. 9 Typical realizations for water saturation generated from sequential gaussian simulations for reservoir sand A

where Ry, = water resistivity at formation temperature
(ohm-m), R; = resistivity reading on deep log (ohm-m), ¢,
= effective porosity (fractional), m = cementation exponent
(unitless), n = saturation exponent (unitless), Rg = resistiv-
ity of the shale (ohm-m), Vg, = shale volume (fractional),
and Sy, = water saturation (fractional)

Log estimation: systems tracts

The stratigraphic units in the Niger Delta are basically made
of the Akata, Agbada, and Benin Formations. These units
are made up of systems tracts, defined as “three dimen-
sional depositional models that are genetically related and
bounded by stratigraphic surfaces” (Van Wagoner, 1995).

Using the gamma ray log motif (Fig. 4) and color codes
(defined in Table 2), systems tracts discrete log; lowstand
systems tract (LST), transgressive systems tract (TST), and
highstand systems tract (HST) logs are identified. Five
sequences and their bounding surfaces were analyzed and
mapped across wells in the field.

Well log and seismic interpretation

The hydrocarbon reservoirs were mapped based on low
gamma ray counts and high resistivity values. Check shot
data was used to tie well log with seismic (Fig. 5). The
essence of seismic interpretation is to evaluate the quality
of the mapped reservoir from the available well log across

Table 3 Statistics summary of
realizations for reservoir sand

A porosity

Realizations/statistical parameters 1 2 3 4 Real data
Mean 0.3242 0.3644 0.3304 0.3323 0.3421
Standard deviation 0.0879 0.0779 0.0818 0.079 0.0956
Coefficient of variation 0.2711 0.2138 0.2476 0.2380 0.2795
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Table 4 Statistics summary of
realizations for reservoir sand

A water saturation

Realizations/statistical parameters 1 2 3 4 Real data
Mean 0.3946 0.3685 0.3688 0.4234 0.3758
Standard deviation 0.1599 0.1574 0.1660 0.1545 0.1821
Coefficient of variation 0.4052 0.4271 0.4501 0.3649 0.4846

the entire field which later serves as secondary data (top
and base limits) for reservoir modeling. Horizons that corre-
spond with reservoir tops from well log were mapped using
guided auto tracking techniques. They were converted to
time structural maps and subsequently converted to depth
contoured map.

Upscaling of well logs

Upscaling is the process where values are assigned to the
cells penetrated by the well logs in the 3-D grid. Since each
cell can only hold one value, the well logs must be aver-
aged, i.e., the lithology, resistivity, porosity, permeability,
water saturation, and systems tracts logs are upscaled into
the 3-D grid using the arithmetic mean, the most-of and
the neighbour cells method. The latter two methods utilizes
harmonic average with permeability and volume weighted
average with both porosity and water saturation. The quality
of the upscaled logs is checked by inspecting their histogram

produced by the software. This is used for comparing the
raw logs with the upscaled logs. If there are no large
disparities between them, the upscaled logs are acceptable.

Variogram analysis

A variogram is a quantitative description of a location-
dependent property as a function of separation distance
(lag) (Fig. 6). The larger the separation distance between
two points, the larger the variability. A variogram must be
specified when a discrete property is “populated” (that is
extrapolated to densely spaced points) using a stochastic
simulation algorithm. The variogram analysis was carried
out for all zones in three directions. The major direc-
tion is northwest—southeast being the trend of the rollover
structure in the study area. The minor direction (northeast—
southwest, NE-SW) is perpendicular to the major direc-
tion while the vertical direction conforms to depth
(Fig. 7).
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Crossplots and linear regression analysis

Crossplots are the most common bivariate statistical meth-
ods that provide the relationship between two variables.
Crossplots are used to explore the relationship between
sequence elements and relevant reservoir properties such
as resistivity, water saturation, permeability, and effective
porosity. The crossplots are also used as secondary variable
in the co-simulation technique.

Property modeling

The next step involves property modeling. Property mod-
eling is the distribution of reservoir rock properties in 3-D
geocellular models using geostatistical principles. 3-D prop-
erty modeling without adequate data analysis will result in
idealistic models/realizations that have little or no relation
to geology. Therefore, a good understanding of the nature of
the input data is central to meaningful property modeling.
The proper tool for this is the variogram analysis for each
zone.

Stochastic simulation

Stochastic simulation is a method of generating multiple
equally probable realizations of reservoir properties (Esfa-
hani and Asghari 2013), rather than simply estimating the
mean (as in kriging). Sequential Gaussian simulation (SGS),
one of the dominant forms of stochastic simulation for
reservoir modeling applications, was utilized. The algorithm
was used to generate several and equiprobable realizations
(Figs. 8 and 9) that honor the local conditioning (well) data,
the global histogram, areal and vertical geological trends of
the data and patterns of spatial correlation. The best realiza-
tion was picked based on statistical similarity with the actual
data (Tables 3 and 4).

Results

The resultant univariate, bivariate, and 3-D models of the
reservoir properties are presented in this section. The uni-
variate models involve the variograms while the bivariate

Fig. 11 Models under investigation. a Fence diagram of lithology showing shale continuity in the study area. b Fence diagram of water saturation
showing low water saturation anomaly continuity in the study area. ¢ Fence diagram of systems tracts showing lateral continuity in the study area
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models involve the crossplots. The 3-D models show the
result of the three-dimensional sequential Gaussian simula-
tion.

Lithology model of the reservoir

The estimated lithologic log (Fig. 10) shows that the vertical
and lateral continuity of the interbedded and intra-reservoir

b
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shale laminae are considerable. The fence diagram of the
lithology (Figs. 11 and 12 shows a complete interpreted
seismic section with all the mapped faults.) accentuates the
vertical and areal continuity of the interbedded and intra-
reservoir shale laminae. Relatively thin (6-30 m) reservoirs
are separated by thick (12-50 m) and expansive shale units.
Sands C and D reservoirs appear to have more shale con-
tent than sands A and B reservoirs. The intra-reservoir shale
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Table 5 Mean reservoir

Mean water saturation ~ Mean volume of shale ~ Mean porosity

properties Reservoirs ~ Mean thickness (m)
Sand A 22.00
Sand B 21.00
Sand C 29.50
Sand D 43.50

0.17 0.21 0.48
0.20 0.53 0.45
0.25 0.48 0.42
0.21 0.74 0.37

laminae depict distinct lateral terminations in the models.
Table 5 shows the summary of the reservoir properties com-
puted across all reservoirs of interest. It has been deduced
that volume of shale decreases from reservoir sand A to
D which is the deepest reservoir. This shows that shallow
reservoirs contain less shale than the deepest ones. All reser-
voirs show good reservoir properties which indicate that
they are productive.
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Water saturation models

Figure 11b is the fence diagram showing both the lateral
and vertical variation of water saturation in all the reser-
voirs. Water saturation varies from 0.14-0.65 in reservoir
sand A, 0.20-0.60 in reservoir sand B, 0.17-1.0 in reser-
voir sand C, and 0.20-0.83 in reservoir sand D. The 3-D
geocellular models of water saturation in the reservoirs are

b

b

SYSTEMS TRACTS

HST
TST

LST

Fig. 13 Correlation of 3-D geocellular model with structures on reservoir sands A, Al, A2, and A3 are delineated prospects. a Structural map. b

System tracts model. ¢ Water saturation model. d Porosity model
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shown in Figs. 13c, 14c, 15¢c, and 16¢c. The average water
saturation is 0.42, 0.51, 0.62, and 0.55 for reservoirs sands
A, B, C, and and D, respectively. The standard deviation is
0.19, 0.18, 0.21, 0.19, and 0.23 for sands A, B, C, D, and
E, respectively. These results show that these reservoirs are
hydrocarbon bearing and that reservoir sand A appears to
have the highest hydrocarbon saturation. It is followed by
reservoir sand B.

A close examination of the maps show the area of
structural high (anticline) depicted by closures and their
associated faults (growth fault and antithetic fault) that can
possibly trap hydrocarbon. The maps also show tested clo-
sures (with wells) and the untested closures, which are the
prospects. Prospects Al, A2, and A3 were delineated on
reservoir sand A, prospects B and C were delineated on

Q
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Sands B and C reservoir maps respectively, while prospects
D1 and D2 were delineated from sand D reservoir map.
Structural traps delineated are either anticlinal or fault traps.
Most of them are fault-assisted or fault-dependent closures.

Structural maps

Figures 13a, 14a, 15a and 16a show the depth structural map
of all interpreted horizons.

Systems tracts models of the reservoirs

The 3-D geocellular models of systems tracts are shown
in Figs. 13b, 14b, 15b, and 16b. Statistical analysis shows
that HST distribution is about 40 %, TST is about 10 %,

SYSTEMS TRACTS

HST
TST

LST

Fig. 14 Correlation of 3-D geocellular model with structures on reservoir Sand B. a Structural map. b Systems tracts model. ¢ Water saturation

model. d Porosity model
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Fig. 15 Correlation of 3-D geocellular model with structures on reservoir Sand C. a Structural map. b System tracts model. ¢ Water saturation

mode. d Porosity model

and LST is about 50 % in reservoir sand A. Reservoir sand
B has the following system tracts distribution; 35 % HST,
15 % TST and 50 % LST. Reservoir Sand C has HST dis-
tribution of about 27 %, TST of about 23 %, and LST
of about 50 %. Reservoir sand D has HST distribution of
about 30 %, TST of about 25 %, and LST of about 45 %.
Reservoir sands A and B have the highest distribution of
both HST and LST deposits, while reservoir sands C and
D has the lowest. Since reservoir sands C and D are from
deeper depth, the results indicate that the HST and LST
decreases with depth while the TST increases with depth.
The result of the fence diagram conforms to the statistical
analysis.

Models of effective porosity distribution

The 3-D geocellular models of effective porosity in the
reservoirs are shown in Figs. 13d, 14d, 15d and 16d. Statisti-
cal analysis of the distributions shows that effective porosity
varies from 0.1-0.49, 0.2-0.54, 0.10-0.54,and 0.16-0.45in
reservoir sands A, B, C, and D, respectively. The average
effective porosity is 0.48, 0.45, 0.42, and 0.37 for sands
A, B, C, and D reservoirs, respectively. The standard devi-
ation is approximately 0.16, 0.14, 0.08, and 0.04 for the
reservoirs. Hence, sands A and B reservoir appear to have
higher effective porosity than reservoir sand D. The low
effective porosity of sand D reservoir is attributed to its high
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Fig. 16 Correlation of 3-D geocellular model with structures on reservoir Sand D. a Structural map. b System tracts model. ¢ Water saturation

model. d Porosity model

shale content. These results show that effective porosity
varies spatially within the reservoirs. The degree of variabil-
ity is higher with depth. These models reveal the influence
of lithology and shaliness on the distribution of effective
porosity in the reservoirs.

Crossplots of petrophysical properties and facies

Crossplots are generated for porosity and permeability
which yields good correlation. Petrophysical parameters are
then super imposed on them as the Z values. The results are
shown in Fig. 17. Reservoir quality is primarily determined
by porosity and permeability, crossplot of these proper-
ties for all reservoirs yielded fair correlation (correlation
coefficient = 0.47). The result shows that the high-quality
reservoir could be separated from low-quality reservoir.
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Analysis of the crossplot results shows that the crossplot of
porosity and permeability with resistivity as Z value, show
area of high resistivity anomaly which corresponds to the
high quality reservoir. The crossplot of porosity and perme-
ability with water saturation as Z value shows area of low
water saturation anomaly which corresponds to the high-
quality reservoir. The crossplot of porosity and permeabil-
ity with lithofacies as Z value shows area of sand/shaly-sand
anomaly which corresponds to the high-quality reservoir.
The crossplot of porosity and permeability with system
tracts as Z value shows area of high-quality system tracts
anomaly which corresponds to the high-quality reservoir.
This result also indicate that all the sequence elements could
be hydrocarbon bearing. The crossplot of system tract and
hydrocarbon saturation with lithofacies as Z-value shows
a strong correlation of 0.89. The result also indicates that
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high hydrocarbon saturation is related to the sandy facies
of lowstand systems tract. Thus, the LST has the highest
hydrocarbon potential.

Discussion

The 3-D geocellular models for porosity, water saturation
and system tracts were put together with their correspond-
ing structural map for each reservoir sands for the purpose
of correlation. Figures 13-16 show the results of the correla-
tion for all the delineated prospects. The result of correlation
for reservoir Sand A shows that the porosity model strongly
conforms with structure (delineated prospects Al, A2 and
A3), while the water saturation model shows that prospect
A3 highly conforms with water saturation model, prospect
A1l moderately conforms with water saturation model and
prospect A2 poorly conforms with water saturation model.
However, all the prospects conform to the portion where
the HST and LST are about 80 % on the system tracts
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permeability and porosity with lithology as Z values. d Crossplot of
permeability and porosity with systems tracts as Z values

geocellular model. The result of correlation for reservoir
Sand B shows that the porosity model strongly conforms
to delineated prospect B, while the water saturation model
shows that prospect B moderately conforms to water sat-
uration model. Also prospect B conforms to the portion
where the HST and LST are about 80 % of the system tracts
model.

The result of correlation for reservoir Sand C shows
that the porosity model strongly conforms to delineated
prospect C, while the water saturation model shows that
prospect C moderately conforms to the water saturation
model. Also prospect C conforms to portion where the
LST is about 70 % of the system tracts model. The result
of correlation for reservoir sand D shows that the poros-
ity model strongly conforms to delineated prospect D2,
while it poorly conforms to delineated prospect D1. The
water saturation model shows that prospect D2 highly con-
forms to the water saturation model, while prospect D1
poorly conform to it. However, prospect D2 conforms to
the portion where the HST and LST are about 90 %
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while prospect D1 conform to the portion where the HST
and LST are about 60 % of the systems tracts geocellu-
lar model. This analysis shows that prospects A3 and D2
have high hydrocarbon saturation, prospects Al, B and C
have moderate hydrocarbon saturation, while prospects A2
and D1 have poor hydrocarbon saturation. The result also
shows that all the delineated prospects have moderate reser-
voir quality except prospect D1 which has poor reservoir
quality.

Conclusion

This work has provided a 3-D spatial distribution pattern
of sequence elements and has established the presence of
positive system tracts anomalies in the study area. The
petrophysical correlation panel generation from this study
delineates hydrocarbon bearing reservoir which formed
zone of interest for geostatistical and sequence analysis.
The property logs that delineated the reservoir zone were
computed from the related logs using empirical formula.
Stratigraphic frameworks used for equiprobable generation
of the delineated reservoirs were created using deposi-
tional models from gamma ray log motif. This resulted in
a successful sequence analysis and delineation of sequence
elements such as HST, TST, and LST in the study area.
Geostatistical analysis, variogram models, and stochastic
simulation provide equiprobable representation of the geo-
logic heterogeneity within the delineated reservoir units.
This made the lateral prediction of both reservoir proper-
ties and sequence elements feasible. The generated cross-
plots do not only establish the correlation among reservoir
properties, but also provided the criteria for mapping a
high-quality hydrocarbon reservoir in the study area. The
research was completed by building an integrated reser-
voir model that was based on sequence stratigraphy and
geostatistical approaches. These results have significant
implications on petroleum exploration and reservoir char-
acterization.For hydrocarbon exploration, the results stress
the relevance of sequence elements mapping as a power-
ful exploration tool. Lowstand deposits with high porosity
and permeability are associated with hydrocarbon accumu-
lations. For oilfield development and reservoir characteriza-
tion, this research has established the relationship between
system tracts, effective porosity, lithology and hydrocarbon
saturation in the study area. However, drilling of more wells
is recommended to validate and/or update the models. The
static reservoir models may serve as input for flow simula-
tion. Ultimately, the stratigraphic models will facilitate the
estimation of reliable electro—sequence logs honoring effec-
tive porosity, saturation and lithology for any part of the
oilfield.
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