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Abstract:

An oil-down-to and oil-up-to sandstone reservoir at the crest of a rollover anticline was characterised to
document the petrophysical properties of the different sedimentary facies and to achieve optimum petroleum
production. Characterisation methods include logs stacking pattern analysis, lithofacies analysis of cores, special
core analysis data interpretations, evaluation/quantification of heterogeneity, and Winland r35 and hydraulic
unit rock-typing. The depth zone of interest was interpreted as transgressive systems tract (TST) due to the
backstepping  logs'  pattern.  Twelve lithofacies  described the cores, while the lithofacies
characteristics/associations resulted in the identification of depositional environments that include fluvial
channels and inner, outer and middle estuaries and transgressive and regressive offshore, transgressive offshore-
transition and shoreface environments. Porosity and permeability values of all the sandstone facies indicate high
reservoir quality due to moderated to well-sorted grains. Winland's R35 rock-typing categorised 75% of the
rock to be mega-porous, but the twelve lithofacies, the Dykstra-Parson’s coefficient of 0.84 of core permeability
distribution and the normal probability plot of irreducible water saturation indicate a high level of
heterogeneities, with potential for compartmentalization and consequent poor sweep efficiency. Hydraulic unit
rock-typing categorised the reservoir into eight hydraulic units (HUs) based on flow zone indicators (FZIs). HU
rock-types 1 to 6 are reservoir hydraulic flow units (HFU) with FZI that range from good (0.6 um) to best (1.52
um). The plot of hydraulic units against depth indicates fluctuating tidal current speed and energy as the
dominant controls on reservoir quality. The HU 7 and 8 with FZI 0.24 and 0.03 um, respectively, serve as
baffles and compartmentalized the reservoir into three compartments as non-reservoirs. Perforating the depth
interval with the best HFUs in each compartment is a beneficial option for optimum petroleum production. The
multiple linear regression machine learning algorithm predicted the flow zone indicators of the same reservoir in
a distant non-cored oil well.

Keywords: Lithofacies variability; estuary; depositional environments; pore-throats; hydraulic flow units;
compartmentalization

1. INTRODUCTION excellent quality due to the generally

moderate to well-sorted fine- to coarse-
Sandstone reservoirs deposited in a tide- grained texture (Buatois, 1999; Zhang et al.,
dominated coastal estuary are documented to 2022; Jiwei et al., 2025). It is also documented,
form petroleum reservoirs with good to just like the wave-dominated estuarine

sandstone reservoirs, to exhibit mesoscale to
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microscale heterogeneities due to the mixture
of fluvial influence and hydrodynamics of
tides and wave processes in the deposition
(Galloway and Hobday, 1996; Buotois, 1999;
Mack et al., 2003; Bello et al., 2024). It is
documented that heterogeneity is at its
greatest in reservoirs that were deposited
under the influence of tidal currents, where
there is common intercalation of sandstones
and mudstones across a wide range of scales
(Nio and Yang, 1991). Therefore, studying the
complexities in the scale of heterogeneities
inherent in petroleum-rich tide-dominated
estuarine reservoirs via adequate fine-scale
characterisation of their storage and flow
properties has become a very crucial and
necessary prerequisite if optimum recovery or
production of the petroleum can be achieved
(Jiwei et al., 2025).

The Niger Delta basin sediments, in general,
represent a coalescence of five delta lobes fed
by four rivers (Ejedawe, 1981). The deltaic
progradation was maintained through a
steady increase in sediment supply and the
combined influence of eustatic cyclicity, local
deltaic autocyclic processes and local tectonics
that provided the accommodation for the
preservation of the sediment supplied (Knox
& Omatsola, 1987; Reijers, 2011). The allocyclic
processes resulted in the deposition of the
regional correlative shale markers, while the
autocyclic processes such as delta lobe
switching, local growth fault subsidence,
waves and tidal processes resulted in the
deposition of fieldwide to inter-well
correlative sandstones and shales as well as
intra-reservoir  shales  responsible  for
mesoscale-microscale reservoir heterogeneities
and intra-sandbody compartmentalization
(Oyanyan and Oti, 2016). Marine
transgression, or the landward movement of
the shoreline associated with the rate of
increase in accommodation over the rate of
sediment supply during the periodic eustatic
sea level rise or increased local tectonic
subsidence, resulted in the deposition and
preservation of transgressive systems tracts
(TST) sediment in the drowned river
mouths/channels, called estuaries (Owejemi
and Willis, 2006; Catuneanu, 2006; Tessier,
2012). Generally, vertical reservoir
compartmentalization potential is relatively
high in TST sediments because of the

enhanced preservation potential of flooding
surface shales (Ainsworth, 2010).

It is important to note that, unlike the deposits
of components of a delta such as river mouth
bar/delta front, regressive distributary
channel and shoreface, the sedimentological
and petrophysical characteristics of estuarine
deposits are scarce in the Niger Delta Basin
literature. The few documented cases are
either wave-dominated or tide-dominated
estuaries. The wave-dominated estuarine
deposits were deposited in a wave-dominated
river-mouth regressive setting but in a general
shoreline transgressive setting and
characterised by backstepping successions of
coarsening-upward beaches or bayhead deltas
(Oyanyan et al., 2023). The tide-dominated
estuarine sediments were deposited in a tide-
dominated river mouth in a shoreline
transgressive setting and are characterised by
successions of backstepping finning-upward
sandstone deposits (Oyanyan and Oshinowo,
2026).

Oyanyan and Oshinowo (2026) interpreted
petroleum-rich Miocene D1 sandstone at the
Coastal Swamp Depobelt of the Niger Delta
basin as tide-dominated estuary deposits
(transgressively backfilled fluvio-estuarine
distributary channels) based on lithofacies
characteristics. They identified variability in
lithofacies and mud drapes in some
depositional facies that suggest
heterogeneities in the reservoir's petrophysical
quality that can impact petroleum production
and therefore asserted that adequate
characterisation of flow units would be a
necessary requirement to achieve high sweep
efficiency for optimum petroleum recovery or
production. Optimum petroleum production
from a reservoir is having high sweep
efficiency, resulting in little or no bypassed oil
in the reservoir or a negligible amount of
trapped oil left behind in the reservoir.
Therefore, this paper presents the results of a
study of the Miocene D1 sandstone aimed at
documenting the sedimentological control on
reservoir quality as well as the detailed
characterisation of the flow wunits. The
objectives of the study include the following:
1. Correlation of the reservoir depth interval
across the field. 2. Identification of the
variation of petrophysical parameters with
different lithofacies and lithofacies
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associations/depositional environments, 3.
Quantification and evaluation of the
heterogeneities in the petrophysical properties
of the rock, 4. Identification of rock types and
flow units with distinct flow capacities in the
Teservoir, 5. Determination  of  the
sedimentological control on the distribution of
flow units. 6. Identification of intra-reservoir
compartments and the determination of a well
perforation depth interval that can result in
optimum petroleum recovery, based on the
vertical distribution of the flow units.

1.2 Location of Study Area and Geologic
Setting

The study oilfield is in the Coastal Swamp
depobelt of the Niger Delta basin of Nigeria at
the Gulf of Guinea in West Africa (Fig. 1a). It
currently has four wells producing petroleum
from Miocene sandstone reservoirs of one
depositional sequence. The oil field is divided
into three fault blocks by one east-to-west
trending major growth fault and two synthetic
growth faults, and all the study oil wells are
within the central fault block (Fig. 1b). The
actual name of the oilfield and that of the
operator are concealed for propriety's sake.

Legend

]
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» J Well location

=3 Well correlation|
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Figure 1: Study area location maps. A. Shows the depobelts in the Niger Delta basin, the study field
depobelt and the location of the basin at the Gulf of Guinea in West Africa (Modified after Smith and
Sandwell 1997; Doust and Omatsola 1989). B. The structural map of the study field showing oil wells,
growth faults distributions and the path of well logs correlation.
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The study tide-dominated D1 sandstone
reservoir is part of the Agbada Formation, one
of the three lithostratigraphic units of the
Niger Delta Basin (Short and Stauble, 1967;
Weber and Daukoru, 1975). The Agbada
Formation is a paralic marine deposit
consisting of alternations of units of sandstone
and shale that formed petroleum reservoirs
and seals, respectively. It has a maximum
thickness of 4000 m with a diachronous age
that ranges from Eocene to Recent. Underlying
the Agbada Formation is an overpressured
marine deposit called the Akata Formation,
consisting dominantly of shale, believed to be
the major source rock for petroleum in the
basin. It has a maximum thickness of 6500 m
and an age that ranges from Palaeocene to
Recent. Overlying the Agbada Formation is
the coastal plain sand deposit called the Benin
Formation, consisting of continental fluvial
sands/gravels and back swamp deposits, with
a maximum thickness of 2000 m and an age
that ranged from Eocene to Recent.

The tectonic evolution of the Niger Delta Basin
is linked to the formation of the Cretaceous
Benue Trough that runs diagonally across
Nigeria from the northeast to the southwest.
The Benue Trough represents the failed arm of
the triple junction during the Late Mesozoic
separation of the South American plate from
the African plate (Whiteman, 1982). The Niger
Delta basin that is located at the southward
end of the Benue Trough was built over the
collapsed continental margin of the South
Atlantic that resulted from the successful
separation of the two plates (Doust and
Omatsola, 1989). The Palaeocene major marine
transgression into the Benue Trough that was
followed by episodic regression that began in
the late Palaeocene or early Eocene and
continued till recent times initiated the
evolution of the Niger Delta basin's
sedimentary sequences. The basin is divided
into mini basins called 'depobelts' by east-
west trending regional and counter-regional
growth faults, with the three diachronous
lithostratigraphic units represented in each
depobelt (Knox and Omatsola, 1987) (Fig. 1a).

2. DATA SET AND METHOD OF STUDY

The data set provided for this study includes a
structural map of the field showing structural
elevations, growth faults and oil wells'
distribution (Fig. 1b); 60 ft (18.3 m) core
pictures of slabbed full-diameter cores of
depth of interest in well 13; and gamma ray,
resistivity, neutron, density and water
saturation logs of four wells as well as the
special core analysis data of 61 core samples
that include permeability, porosity and
irreducible or connate water saturations.

To achieve the aim and objectives of the study,
the study was divided into sections that
include the evaluation of megascopic,
macroscopic and  microscopic  reservoir
heterogeneities (Weber, 1986; Lasseter et al.,
1986; Ravalec et al., 2014); the determination of
depositional control on hydraulic flow unit
distribution; and the identification of intra-
sandbody compartmentalisation and the
proposition of a well perforation guide for
optimum petroleum production.

Macroscopic heterogeneities correspond to the
inter-well spacing scale and can be detected
via well log correlations (Ravalec et al., 2014).
Therefore, the entire D sandstone reservoirs
and cored D1 sandstone depth zone in well 13
were identified with the gamma ray value that
ranges from 30 to 65 APIL. The gamma ray log
stacking pattern was analysed to determine
the palaeo-depositional trend of the D
sandstone reservoirs using the scheme of Cant
(1992) and then identified the systems tract
and bounding surface based on the principle
of sequence stratigraphy (Catuneanu, 2006).
Correlation of strata is the first step in defining
potential connectivity or  predicting
compartmentalization = (Ainsworth,  2010).
Therefore, D sandstone reservoir intervals
were then correlated across the other three oil
wells in line with the detailed sequence
stratigraphic fieldwide well log correlations of
Oyanyan and Oshinowo (2026). The resistivity
logs were used to identify the presence of
petroleum in D reservoir sandstone, while the
neutron and density logs differentiated
between crude oil and gas in each of the wells,
if any, based on methods duly explained by
Dewan (1983).
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Macroscopic and mesoscopic  reservoir
heterogeneities are detected at the level of
cores  through the identification of
lithofacies/depositional environments and
evaluation of cores' petrophysical properties,
respectively (Ravalec et al., 2014). To analyse
lithofacies variability in the cored interval, the
lithofacies identified by Oyanyan and
Oshinowo (2026) were also identified but
differentiated with the addition of core
petrophysical properties that include core
porosity, core permeability and water
saturations. The different types of lithofacies
were identified based on lithology, colour,
primary sedimentary structure, bioturbation
and ichnofossils. The characteristics of
lithofacies and association of lithofacies were
used to infer the environment of deposition.
The vertical occurrence of lithofacies, their
physical and biological properties and
environment of deposition were documented
in a sedimentary log.

Core porosity and permeability values were
qualitatively evaluated with
histograms/cumulative frequency
distributions and cross-plot analysis. The
coefficient of permeability variation of Dykstra
and Parsons (1950) as explained by Jensen et
al. (2000) was used to quantify permeability
heterogeneity. The Dykstra-Parsons coefficient
(Vdp) is defined as follows:

V - kso—Kgs1
kso

Where:
kso = Median reservoir permeability.
kss1 = Permeability at the 84.1 percentile

The Dykstra-Parsons coefficient values range
from a minimum of 0 (pure homogeneous) to
a maximum of 1.0 (heterogeneous). Most
reservoirs have Vdp = 0.5 to 0.9.

Microscopic reservoir heterogeneities occur at
the level of pores and grains (Ravalec et al,,
2014). It was evaluated by the determination
of petrophysical rock-type distributions in the
cores. 'Petrophysical rock types here means
the rock units that have similar storage and

flow properties. It was first qualitatively
evaluated with a normal probability plot of
the irreducible water saturation values of the
core samples. The rock types were further
quantitatively determined wusing Winland's
and hydraulic units’ methods, described as
follows:

() Winland method: It is the empirical
method that links pore-throats in a unit of rock
to porosity, permeability and capillary
pressure (Gunter et al. 1997). The empirical
relationship of Dale Winland of Amoco linked
pore-throat radius at 35% mercury saturation
with core porosity and permeability with the
following popular equation, called the
Winland equation, published by Kolodzie
(1980).

Logrss = 0.732 + 0.588 log Kair - 0.864L0g ¢ core
........... )

Where R35 = the pore aperture radius
corresponding to the 35th percentile of
mercury saturation in a mercury porosimetry
test, Kair = the uncorrected air permeability (in
md), and ¢eore= core porosity (in per cent).

Petrophysical Winland rock types were
classified based on pore throat sizes into
mega-porous (>10 pm), macro-porous
(between 2.0 and 10 pm), meso-porous
(between 0.5 and 2.0 pm), micro-porous
(between 0.2 and 0.5 pm), and nanoporous
(<0.2 pm) rock types (Boada et al., 2001).
Mega-porous rock was taken as a very high-
quality reservoir, while macroporous- a high
quality reservoir, mesoporous- moderate
reservoir, —macroporous-limited  reservoir
potential and nanoporous as non-reservoir.

(b) Hydraulic Unit method: This is Amaefule
et al's (1993) petrophysical rock-typing
method based on Reservoir Quality Index
(RQI) and Flow Zone Indicator (FZI). It is a
method that divides the reservoir interval into
hydraulic (flow) units. A hydraulic unit (HU)
has been defined as a representative
elementary volume of the total reservoir rock
within which geological and petrophysical
properties that affect fluid flow are internally
consistent and predictably different from the
properties of the other rock volume (Amaefule
et al,, 1993). It provides a physical measure of
the rock flow and storage properties at current
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conditions and reflects the current pore
structure as modified by diagenesis (Rushing
et al., 2008). FZI is a function of mineralogy
and texture and reflects the relationship
between pore throats, while RQI is a close
approximation of the average pore throat
(Abbaszadeh et al., 1995; Rushing et al., 2008;
Oyanyan and Oti, 2016). FZI and RQI were
obtained with the equations 3-5 below:

FZI=RQI/PHIZ ... 3)
RQI (microns) =0.0314v  (K/be) ~ .ovvns 4)
PHIZ = ®z = (¢ /1= ¢e) ... 5)

For the prediction of K, the combination of
equation of 3 and 4 gives equation 6.

K == ¢ *((FZI* ©z)"2)/0.00098596  ....... (6)
Where:

FZI = Flow zone indicator

RQI = Rock quality index

PHIZ = Zone porosity (PZ). Also called
normalized or index porosity.

¢. = Core porosity in fraction.

Normal probability plotting and graphical
clustering were both used to classify the FZI
values into hydraulic units (HU) and rock
types, with the best method finally adopted in
the identification of flow units.

A cross-plot of core porosity, core
permeability, 135 and flow zone indicator
values was done against each other and depth
to evaluate for correlation. Hydraulic units
were plotted against depth to determine the
depositional control on flow unit distributions
and intra-sandbody compartmentalization.

To predict pore-throat size distribution and
hydraulic flow units of the same reservoir in a
non-cored well that is not in pressure
communication with the cored well due to
heterogenities, multiple linear regression
(MLR) algorithims were developed (Orlov,
1996; (Draper and Smith, 1998). The so-called

supervised machine learning MLR models or
algorithms were trained using gamma ray and
bulk density log data as the independent or
predictor variable, while R35, FZI and core
permeability values were used as the
dependent variable (Wendt ef al., 1986).

3. RESULTS AND INTERPRETATIONS
3.1 Megascopic heterogeneities
3.1.1 Well logs correlation and Systems tract

The correlations of sandstone reservoirs
within the stratigraphic framework across the
four oil wells indicate  megascopic
heterogeneities ~ (Fig. 2). It  shows
heterogeneities at both interwell and fieldwide
scales (Weber, 1986). Fieldwide correlating
flooding surface shales divided the D
sandstone reservoir into three compartments
(D1, D2 and D3) corresponding to inter-
parasequence reservoir compartmentalization
(Ainsworth, 2010). The D1 reservoir is divided
into Dla and D1b by a layer of shale that is
correlative to all the wells except Well 04,
which could be due to a missing section
associated with a fault to suggest structural
compartmentalization or a depositional pinch-
out to suggest inter-sand-body
compartmentalization (Ainsworth, 2010). The
correlation of the subunits of the D sandstone
reservoir across all the oil wells indicates a
layer-cake stratigraphic architecture (Weber
and van Geuns, 1990).

The gamma ray log motifs of the reservoir
sands show an overall upward-fining
sequence that consists of a succession of two
upward-fining and  sandstone-thickness-
decreasing sequences and therefore represents
backstepping  stacking patterns or a
retrogradational  trend  typical of a
transgressive systems tract (TST) (Cant, 1992;
Catuneanu, 2006). The basal upward finning
sequence is the cored depth interval. The TST
is bounded on top and bottom by a maximum
flooding surface (MFS) and a transgressive
surface of erosion (TSE), respectively. A thin
unit of lowstand systems tract (LST) underlay
the TST only in well 01. For the detailed
sequence stratigraphic analysis of the field,
please see Oyanyan and Oshinowo (2026).
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3.1.2 Petroleum Occurrence and Distribution Apart from the effect of gravity segregation,

the vertical distribution of petroleum in well

Resistivity and water saturation logs indicate 13 and the uneven aerial distribution of
that petroleum is not uniformly distributed petroleum in the D2 and D1 reservoirs can be
across the D sandstone reservoirs in all the attributed to megascopic heterogeneities.
wells (Fig. 2). The oil down-to and oil up-to D3
sandstone reservoirs are correlative across all 3.2 Macroscopic and mesoscopic
the wells. The D2 sandstone reservoir is a heterogeneities
water-bottom petroleum-bearing reservoir in
wells 01 and 03 but an oil-down-to and oil-up- Macroscopic and mesoscopic heterogeneities
to in well 13. The cored D1 reservoir is oil are interwell and wellbore-scale
down-to and oil up-to in wells 13, water- heterogeneities, respectively (Weber, 1986;
bottom in well 01 and dried in other wells. All Ravalec et al., 2014). They determine the
the sandstone reservoir units (D1, D2 and D3) amount of displacing fluid and the amount of
in well 13 are oil-down to and oil-up to. These bypassed oil (Ravalec et al., 2014). They were
characteristics can be attributed to the location evaluated using core properties that include
of well 13 at the crest of the structure, where wellbore  lithofacies  distribution  and
the effects of gravity segregation and force of environments of  deposition,  porosity,
buoyancy migrate the lighter petroleum to a permeability and water saturation correlative
position of high elevation and above water. to other wells.
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Colour code of lithology and fluid: Yellow = Sandstone, Dark grey =Mudstone/shale, Orange = Shaley sandstone, Red = Hydrocarbon. Acronyms: MFS =Maximum flooding
surface, FS = Flooding surface, TRS = Tidal ravinement surface, TSE = Transgressive surface of erosion, SB = Sequence boundary, TST = Transgressive systems tract, LST
= Lowstand systems tract.

Figure 2: Well logs correlation of D reservoir sandstone within a sequence stratigraphic framework,
showing cored intervals, bounding surfaces, depositional trend and transgressive systems tract as
well as resistivity logs indicating depth interval of petroleum occurrence. Megascopic heterogeneities
include lateral discontinuities of individual strata and pinchouts, oil water contacts (OWC) and
depositional trends variations, reservoir compartmentalization. Depth of wells are measured in feet.

3.2.1 Lithofacies types and variability with are well documented by Oyanyan and
petrophysical properties Oshinowo (2026). The summary of the

lithofacies and variability with petrophysical
Twelve lithofacies were identified in the 60 ft properties is presented in Table 1.

(18.3 m) cores of the D1 sandstone reservoir
(Fig. 2). The detailed characteristics of the
lithofacies and the depositional environments

Bulletin of Pure and Applied Sciences- Geology / Vol. 45F, No. 2 / July-December 2026 7



Raphael Oaikhena Oyanyan

Table 1: Summary of lithofacies sedimentological description, mean Petrophysical properties and
depositional environments (after Oyanyan and Oshinowo, 2026)

Lithofacies | Lithofacies | Sedimentological Deposition Bed sets/sub | Depo.
No. description and process environ. environ.
core petrophysical
properties
1. Dark grey | Mudstone, dark grey | Rapid Open marine | Transgressive
mudstone and massive (Fig. 3A). | deposition of offshore
B = 0. Porosity (®) =7.5 | suspended
%, Permeability (K) = | load in a low-
0.2 md, Water | energy
saturation  (Sw) = | environment
81.8%.

2. Bioturbated | Pervasive greyish- | Suspension Transgressive | Transgressive
Sideritic brown siderite in dark | fall-out tidal flat offshore
mudstone grey mudstone. B = 0, | and transition

(Fig. 3A). @ =27%, K = | diagenetic zone.
949 md, Sw =40.1%. mineral

chemical

precipitation

3. Mud- Sandstone, fine- to very | High energy Tide
draped fine-grains, pervasive | deposition dominated
cross mud drapes and cross | with transgressive
laminated laminations. intermittent shoreface.
sandstone Ophiomorpha nodosa and | low-energy

Ophiomorpha irregulaire. | deposition

BI =1, (Fig. 3A). @ =30 | periods

%, K = 3786.1md, Sw = | associated

12.3 %. with slack
water
conditions in
subtidal zone

4. Cross Sandstone, light brown | Dune/bar Tidal Outer
bedded to light grey, fine to | forms sandbars estuary.
sandstone very coarse grains, very | migration

thin to medium | and erosion
beddings, rare | of top of
sigmoidal thin cross | dune by high
beddings, rare double | energy tidal
mud  drapes and | current under
abundant reactivation | subtidal
surfaces. A rare | condition
diminutive Bergaueria

burrow. B1 =0 - 1, (Fig.

3A). @& =31.02%, K =

4834.99 md, Sw = 31.4

%,

5. Heterolithic | Alternating very fine- | Migration of | Tidal flat Estuary
mudstone. grained sandstone and | sandy ripples margin

shale, lenticular and
flaser beddings.
Rhizocollarium, Planolite

alternating
with
deposition of

8 Bulletin of Pure and Applied Sciences- Geology / Vol. 45F, No. 2 / July-December 2026
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and Teichichnus. mud and silt

Bl =2 - 3, (Fig. 3A). @ | from

=17.0%, K=1630md. | suspension
under
variable
energy
condition

6. Massive Sandstone, Light | Rapid Tidal-  bore | Middle
bedded brown to  greyish | depositions deposits estuary
sandstone brown, massive and | of breaking

planar/undular tidal  bores
erosion base. Rare | (very  high
Tubular tidalite. energy tidal
Bl =1 -0, (Fig. 3A). @ | currents).
=264 %, K= 6720 md,

Sw=252%.

7. Thickly Light brown sandstone, | Sand Tidal flat Middle
interbedded | dark grey shale, | deposition estuary
sandstone carbonaceous shale, | from
and shale lenticular beddings and | tidal currents,

undulating sharp basal | mud fall out
contact. Rare Planolites | during slack-
and siderite-filled | water
burrows. BI = 2, (Fig. | intervals, and
3A). @ = 13.2%, K = | tractive sand
1.1md, Sw =68.2 %. deposition

8. Channelized | Sandstone, Light grey | Migrating Tidal channel | Inner estuary
medium to light brown, fine to | two- sandbars
bedded coarse grains, high- to | dimensional
Ccross- low-angle planar cross- | dunes from
stratified beddings, cross- | high-energy
sandstone. Jlamination, rare | unidirectional

reactivation  surfaces, | traction
rare  double  mud | currents.
drapes, fluvial erosion

surfaces and rare fluid
mud-draped  erosion

surfaces. Are
Siphonichnus, Skolithos,
Palaeophycus and
Thalassinoides

BI = 0-1, (Fig. 3A). @ =

30.18%, K = 3538.7md,

Sw =6.6 %

9. Horizontal | Sandstone, Light grey | Upper flow | sandflats Inner estuary
bedded to light brown, fine to | regime
sandstone coarse grains, | deposition

horizontal ~ beddings,
horizontal laminations
and sharp basal
contacts. Rare
Palaeophycus, conjugate
or y-shaped vertical
burrows. Bl = 0-1, (Fig.
3A). @ =26.85%, K =
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2222.25md, Sw =12.2 %
10. Heterolithic | Light brown sandstone | Deposition Subtidal Inner estuary
sandstone. and light grey shale, | from point bars
inclined heterolithic | helicoidal
stratification (IHS) and | flow through
undulating basal | a bend and
contact. BI = 0-1, (Fig. | lateral
3A). ® =334 %, K = | migration of
1990md, Sw = 25.2 % the bend or
meander
channel
11. Channelized | Sandstone, fine to | Tractive Fluvial Fluvial
thinly cross | medium grains, light | deposition channel sand | channel
laminated brown, parallel cross | from bars
sandstone. laminations and | unidirectional
sharp/eroded basal | currents
surface. BI = 0, (Fig.
3A). @ = 262%, K =
1807.5md, Sw = 14.0 %
12. Heterolithic | Shale interlaminated | Gradual Open marine | Delta
shale with lenticular | suspension influenced
sandstone, parallel | load fall-out offshore
lamination and very | under  low
gradual upward | energy
increase in sand | conditions
thickness. Rare
Chondrites.
Bl =0 -1 (Fig. 3A). @
=28.3%, K =3.9md, Sw
=95.0 %
3.2.2 Lithofacies associations (LFA) and upward increase in well-sorted sandstone

variability with petrophysical properties

The characteristics and the association of
twelve lithofacies resulted in the identification
of eight depositional environments, in line
with Oyanyan and Oshinowo (2026) (Fig. 3):

LFA 1: Regressive offshore or Delta-influenced
offshore. Heterolithic shale (lithofacies 12) is
characterised by a gradual upward increase in
sandstone thickness and a downward increase
in shale thickness typical of deltaic deposition
(Nichols, 2009; Reijers, 2011). The facies is
therefore interpreted to be deposited in
regressive  offshore or delta-influenced
offshore (Table 1, Fig. 3). It is characterised by
gamma ray values that decreased upward
from 150 to 60 API (Fig. 2). Average cores'
permeability, porosity and water saturation
values are 39 md, 283% and 95.0%,
respectively. Though the depositional facies
have a high porosity value because of the

thickness, the very poor permeability value
and the almost 100% water saturation
categorise the lithofacies as a non-reservoir for
petroleum. The regressive offshore facies,
however, formed the basal sealing
depositional facies for the petroleum-bearing
facies discussed below.

LFA 2: Fluvial Channel. The association of
sandy  heterolith  (lithofacies 10) and
channelized thinly cross-laminated sandstone
(lithofacies 11) indicates sediment deposition
in a fluvial channel (Table 1, Fig. 3). The
depositional facies are characterised by
channel surfaces, an upward-fining trend,
upward-decreasing gamma ray log values
from 35 to 58 API, and abruptly overlain the
underlying facies with an erosive surface (Fig.
2). Average cores' permeability, porosity and
water saturation values ranged from 1807.5 to
1990 md, 26.2 to 33.4 per cent, and 14.0 to 25.2
per cent, respectively. The permeability and
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porosity values of the fluvial channel facies 75% from top to bottom. As the bottommost
indicate very good reservoir quality. The reservoir, it thus means that the D1 reservoir is
water saturation value indicates that actually an oil down-to reservoir.

petroleum saturation in the lithofacies is up to

MUD  SAND GRAVEL

rii83

STRUCTURES / FOSSLS
Note:

Outer Estuary
or Estuary Mouth

&
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Figure 3: Core pictures in feet and Sedimentary log in meters of D1 sandstone reservoir depth interval
6,496 - 6556 ft (1,980 - 1998 m) of Well 13. (A) Diagnostic core pictures of lithofacies 1 to 12, with the
black arrows point to their locations in the sedimentary log. (B) Sedimentary log showing lithofacies
successions, lithofacies associations/depositional environments (modified after Oyanyan and
Oshinowo, 2026). Acronym: Sst = Sandstone, Mst = Mudstone, Shl = Shale, CSh = Carbonaceous
shale FS = Flooding surface, Rs = Reactivation surface, Es = Erosion surface, PEs = Planar erosion
surface, UEs = Undular erosion surface, MdEs = Mud draped erosion surface Hmk = Hummock,
Dmd = Double mud drapes,Crb = Cross bedding, Hb = Horizontal bedding, Crl = Cross laminated
sandstone, Th = Thalassinoides, Si = Siphonichnus,Oph = Ophiomorpha, Tt = Tubular tidalite, Pl =
Planolites, Pa = Palaophycus, Sk = Skolithos,Cjb =Conjugate burrow.

LFA 3: Inner or upper estuary. The association of sandstone (lithofacies 8) of tidal channel
channelized medium-bedded cross-stratified sandbars and horizontal-bedded sandstone
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(lithofacies 9) of tidal sand flats indicates
sediment deposited in the inner or upper
estuary (Table 1, Fig. 3) (Dalrymple et al., 1992;
Flemming, 2011). The depositional facies is
generally a clean and well-sorted sandstone
with an average gamma ray value of 30 API
and overlies the fluvial channel facies. The
inner  estuary facies average core's
permeability, porosity and water saturation
values ranged from 2222.25 to 3538.7 md, 26.85
to 30.18%, and 6.6 to 12.2%, respectively. The
high cores' permeability and porosity values
indicate a very good reservoir quality, while
the percentage of water saturation indicates
petroleum saturation of not less than 90%
(Dresser, 1982; Dewan, 1983).

LFA 4: Middle estuary. The association of
massive or structureless sandstone (lithofacies
6) of tidal bore (Fan et al., 2014; Dalrymple,
2021); channelized medium bedded cross-
stratified (lithofacies 8) of tidal channel
sandbars; and thickly interbedded sandstone
and shale (lithofacies 7) of tidal channel
overbank is interpreted as sediment
deposition in the central or middle estuary
(Table 1, Fig. 3). Lithofacies 8 represents
subtidal channel deposit, while lithofacies 7
and 7 represent tidal current maximum and
turbidity maximum in the middle estuary
channel (Flemming, 2011; Davis Jr and
Dalrymple, 2012). The depositional facies
consist of reservoirs (sandstone) and flow
barriers (shales). The tidal channel overbank
facies has a permeability of 1.1 md, a porosity
of 13.2% and water saturation as high as 68.2%
and, therefore, serve as intra-reservoir flow
barrier. The tidal-bore and tidal channel
sandbar deposits of the middle estuary are
well-sorted sandstones and formed very
excellent-quality petroleum reservoirs with
permeability, porosity and water saturation
that ranged from 3538.7 to 6720 md, 26.4 to
30.18%, and 6.6 to 252%, respectively
(Dresser, 1982; Dewan, 1983).

LFA 5: Outer estuary or estuary mouth. The
association  of  cross-bedded  sandstone
(lithofacies 4) characterised by abundant
reactivation = surfaces and  bioturbated
heterolithic = mudstone  (lithofacies  5),
interpreted as tidal sandbars and intertidal
flats, respectively, indicates deposition in the
outer estuary or estuary mouth (Table 1; Fig.
3) (Amos; 1995; Dalrymple and Choi, 2007).

The intertidal flat facies has cores with
permeability and porosity values of 1630 md
and 17.0%, respectively. The good porosity
compared to excellent permeability suggests
poor correlation that can result in the facies
serving as baffles in the D1 sandstone
reservoir fluid flow. Whereas, the well-sorted
tidal sandbars' sandstone facies of the outer
estuary formed a petroleum reservoir of an
excellent, good quality with core permeability,
porosity and water saturation values of
4834.99 md, 31.02%, and 31.4%, respectively
(Dresser, 1982; Dewan, 1983).

LFA 6: Transgressive tide-dominated
shorefice.  The mud-draped, thinly cross-
laminated sandstone to muddy sandstone
(lithofacies 3) characterised by Ophiomorpha
burrows is interpreted to be deposited in a
transgressive shoreface environment (Table 1;
Fig. 3) (Dalrymple et al. 1994). The mud
drapes can act as baffles to fluid flow, but
generally, the shoreface sandstone facies
formed a very good petroleum reservoir with
permeability, porosity and water saturation
values of 3786.1 md, 30% and 12.3%,
respectively.

LFA 7: Transgressive offshore transition zone. The
bioturbated sideritic mudstone (lithofacies 2)
overlying mud-draped fine-grained sandstone
is interpreted to be deposited in a
transgressive offshore transition zone (Table 1;
Fig. 3) (Nichols, 2009). It has an upward-
increasing gamma ray log value that ranges
from 65 to 95 API (Fig. 2). The depositional
facies has permeability, porosity and water
saturation values of 949 md, 27% and 40.1%,
respectively. The very good permeability and
porosity values can be attributed to the effect
of moderate to intense bioturbation. Therefore,
although there are no visible burrows on the
lithofacies, bioturbation that enhanced the
storage and flow capabilities of the facies also
indeed exposed the sediment to oxidation for
siderite precipitation (Tucker, 2003). That is
why the lithofacies is named in this study as
“bioturbated sideritic mudstone” instead of
just “sideritic mudstone” given by Oyanyan
and Oshinowo (2026). Furthermore, as the
immediate mudstone facies that bounds the
D1 sandstone reservoir on top, its water
saturation of 40.1% is an indication of almost
60% richness in petroleum and buttressed the
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wireline log interpretation of the D1 sandstone
reservoir as an oil-up-to reservoir.

LFA 8: Transgressive offshore. The dark grey
mudstone (Lithofacies 1) overlying
bioturbated sideritic mudstone is interpreted
to represent deposition in a transgressive
offshore estuarine environment (Table 1; Fig.
3) (Dalrymple et al.,, 1994). It has gamma ray
values that range from 95 to 150 AP, typical of
pure mudstone (Fig. 2) (Dewan, 1983). The
depositional facies is a non-reservoir for
petroleum with permeability, porosity and
water saturation values of 0.2 md, 7.5% and
81.8%, respectively. The lack of permeability
shows the facies as a perfect seal for the
petroleum-rich D1 sandstone reservoir.

3.2.3 Heterogeneity in cores' permeability
and porosity values

The evaluation of permeability and porosity
relationships enhanced the understanding of
heterogeneity in reservoir quality (Oyanyan
and Oti, 2016; Mondal et al., 2017). Only 5.08%
of the 61 samples analysed have poor
permeability and porosity values and are
considered non-reservoirs. Figure 4 shows
permeability values that range from 0.1 to
10410 md, a mean value of 3937.1 md and a
very broad distribution. The permeability of
95% of the D1 sandstone ranged from good
(>50 md) to excellent (>1000 md) (Dresser,
1982).

In porosity distribution, a normal distribution
is given by a homogeneous reservoir, while a
skewed broad distribution represents a
heterogeneous reservoir zone (Hurst and
Archer, 1986). The porosity histogram and
cumulative frequency distribution show broad
normal porosity distribution, indicating a
heterogeneous reservoir with values that
range from 7.2 to 34.3% (Fig. 5). Generally, the
mean porosity of 28.2% in D1 sandstone
reservoir indicates very good petroleum
storage capability.

Figure 6 shows the permeability distribution
and Dykstra-Parson coefficient plot of the D1
sandstone reservoir. The Dykstra-Parson
coefficient of variation (Vdp) of 0.84 indicates
that the reservoir deposit is heterogeneous
with an intra-sandbody compartmentalization
potential.  Though  the  reservoir is

heterogeneous, the permeability distribution
shows that only three samples have values less
than 50 md, indicating that DI sandstone
interpreted as tide-dominated estuarine
sandstone reservoir is generally a good to
excellent reservoir for petroleum. The
heterogeneity in the petroleum-rich reservoir
is further substantiated with the normal
probability plot of the irreducible water
saturation (SWi) that indicates eight rock types
with eight distinct straight lines (Fig. 7). It is
documented that irreducible or connate water
saturation has causative inter-relations with
permeability  and  capillary  pressure
(Widarsono, 2011). As shown in Fig. 7, only
eight samples out of sixty-one samples have
irreducible water saturation that is more than
50%, but the values of the irreducible water
saturation, an intrinsic property of the
reservoir, show that the storage capacities for
petroleum vary across the eight rock types.

Figure 8 shows the cross-plot of permeability
and porosity values. The plot shows
permeability values that are up to about four
orders in magnitude and a range of
permeability and porosity values that suggest
very good to excellent reservoirs (Dresser,
1982). But the regression coefficient (R) value
of 0.27 is an indication of poor correlation
between porosity and permeability. The poor
correlation between the cores' permeability
and porosity values substantiates the fact that
permeability values are not only dependent on
porosity but also dependent on other
depositional characteristics such as grain size,
pore geometry and tortuosity, which is
affected by diagenetic factors such as
cementation, compaction, mineral
precipitation and solution (Khalid et al., 2020).
These characteristics are possibly responsible
for the poor correlation coefficient and
heterogeneity, necessitating detailed
characterisation of the reservoir up to the
pore-scale level using Winland and hydraulic
unit rock-typing methods.
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Core permeability (md) in log scale
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Figure 7: Normal probability plot of irreducible water saturation (Swi) with the 8 distinct straight lines
indicating 8 rock types in D1 sandstone reservoirs, It shows variability in petroleum storage

capabilities across the eight rock types.

Permeability Vs porosity cross plot
100000.0
= 10000.0 PRNILL 06
* -9
£ 10000 .
> L2 *
£ 1000
= 10.0
3 : -~ -
£ 1.0
5 . R y =120.7x + 385.81
&= 01 . R?=0.0734
R=0.27
0.0 : :
00 50 100 150 20.0 250 300 350 400
Porosity (%)

Figure 8: Permeability-Porosity Plot for D1 sandstone reservoir

3.3 Microscopic heterogeneities

Microscopic heterogeneities are expressed in
terms of pore and pore throat sizes and create
preferential flow paths that result in the flow
of displacing fluids while some residual or
trapped oil is left behind (Ravalec et al., 2014).
Rock-type determination at pore scales
through the following methods gave an
enhanced reservoir quality description and
revealed the microscopic heterogeneities in the
D1 sandstone reservoir.

3.3.1 Winland R35 rock types

The application of equation 2 on the D1

sandstone  facies cores' porosity and
permeability = data  resulted in  the
classifications of the reservoir into

microporous (0.2 - 0.5 pm), mesoporous (0.5 -
2 pm), macroporous (2.0 - 10 pm), and
megaporous (>10 pm) rock types based on the
empirical pore-throat (R35) values calculated
(Fig. 9). The calculated pore throat sizes vary
across the lithofacies, with the lowest value
recorded for the dark grey mudstone of
offshore and the highest recorded for the
massive bedded sandstone of tidal-bore
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deposits at middle estuary and followed by
the cross-bedded sandstone of tidal sandbars
of outer estuary depositional environments
(Table 2). The microporous rock types which
form intra-reservoir flow barriers are only
3.45%, while the mesoporous, macroporous
and megaporous types constitute 1.7%, 5.17%
and 89%, respectively. The average pore-

throat size is 34.32 pm and suggests a general
high-quality reservoir with well-sorted and
connected pores. Even though 89% of the
reservoir is megaporous and of general high
quality, the mnormal probability plot of
irreducible water saturation has already
established variability in petroleum storage
capabilities across eight rock types (Fig. 7).

Permeability-porosity cross plot and R35 rock types distribution
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Figure 9: Winland plot for D1 sandstone reservoir showing various pore types

Table 2: Mean pore throats variations with lithofacies and comparison with mean core porosity

and permeability
Lithofacies Lithofacies Mean Mean Mean R35
No. Porosity Permeability (nm)

(%) (md)

1. Dark grey mudstone 7.5 0.2 0.37

2. Bioturbated Sideritic mudstone 27.0 949 22.27

3. Mud-draped  cross  laminated | 30.6 3786.1 35.67

sandstone

4. Cross bedded sandstone 31.02 4834.99 40.70

5. Heterolithic mudstone. 17.0 1630 0.82

6. Massive bedded sandstone 26.4 6720 56.78

7. Thickly interbedded sandstone and | 13.2 1.1 0.51

shale

8. Channelized medium bedded cross- | 30.18 3538.7 33.83

stratified sandstone.

9. Horizontal bedded sandstone 26.85 2222.25 28..23
10. Heterolithic sandstone. 33.4 1990 22.66
11. Channelized thinly cross laminated | 26.2 1807.5 26.41

sandstone.
12. Heterolithic shale 28.3 3.9 0.42
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3.3.2 Hydraulic units' rock types

Reservoir quality index (RQI), zone or index
porosity (@z) and flow zone indicators (FZI)
values of the D1 sandstone reservoir were
calculated with Equation 3-5. The graphical
clustering using the classical RQI-®z plot of
Amaefule et al. (1993) was first attempted to
group the FZI into Hydraulic Units (HU) as
shown in Fig. 10. Five different clusters of data
represented with parallel lines, with each line
of data set having similar flow zone indicators

(FZI), were identified. The five clusters of data
are hydraulic units (HUs), where HU with FZ1
values between 0.03 and 0.06 um are non-
reservoirs, while FZI values between 0.24 and
1.4 pm are reservoirs (Fig. 10). But most of the
FZI data points are packed between lines of 0.5
and 1.24 pm and are not clustered along any
parallel  lines. = Consequently, = normal
probability plotting of the FZI value was used
to identify clusters in which all data are in
distinct lines.

1000

FZI=14pum
FZI=0.5 pm
FZI=0.24 pm
FZI=0.06 um
FZt=0.03 um

e

RQI(um)

/ .

0.01

0.10
Pz
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Figure 10: Plot of RQI vs OZ for five Hydraulic Flow Units (HFU) from the averaged Flow Zone
Indicators (FZI) through graphical groupings.

As shown in Fig. 11, there are eight distinct
lines in the normal probability plot, indicating
eight hydraulic unit (HU) rock types. The
lower boundary of each distinct straight line
was used as the lower boundary of the flow
zone indicators of hydraulic (flow) units (HU)
(Table 3). The FZI of the lower boundaries and
zone porosity (Pz) values calculated using
equation 5 and the cores' porosity (¢e) were
substituted into equation 6 to predict or
calculate the permeability values
corresponding to the lower boundaries of the
HUs. The graphical plotting of the predicted
permeability values against the cores' porosity
(¢e) values in fraction was merged with the
cross-plot of cores' permeability and porosity

in fraction values to have the cores'
permeability values perfectly segregated into
eight hydraulic units, as shown in Fig.
12. Because almost ninety per cent of D1
sandstone reservoirs have been classified as
megaporous, the hydraulic units (HU) rock
types 1 with FZI greater than 1.52 pm were
classified as very excellent hydraulic flow
units (HFU); HU rock type 2 with FZI of 1.28
pm as excellent HFU, while HU rock types 3
and 4 with FZI of 1.6 - 1.0 pm as very good
HFU and HU rock types 5 and 6 of FZI 0.4 -
0.6 um as good HFU, and HU rock types 7 and
8 of FZI of 0.24 and 0.03 um as baffles and
non-reservoir rocks/flow barriers, respectively
(Table 3). Eighty-nine per cent of D1 sandstone
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reservoirs ranged from good to excellent
hydraulic flow units. The eight hydraulic flow

units are in sync with the eight rock types

Normal probability plot of FZI

predicted with the normal probability plot of
the irreducible water saturation values.

o]
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Figure 11: Normal Probability plot of flow zone indicators, with the distinct straight lines indicating
different rock types and the eight lower boundaries for the classification of eight hydraulic units rock

types.

Table 3: Hydraulic units rock types, flow zone indicators lower boundaries and percentage of rock

type.

HU rock types | FZI (um) Percentage of rock | Classification of Hydraulic flow
lower boundaries type (%) unit (HFU)

1. 1.52 6.4 Vey excellent

2. 1.28 6.4 Excellent

3. 1.16 14.5 Very good

4. 1.0 6.4

5 0.6 32.3 Good

6 0.4 22.6

7 0.24 3.2 Non-reservoirs

8 0.03 8.1 /flow barriers or baffles
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Figure 12: The classification of 62 flow zone indications into 8 hydraulic units.
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3.3.3 Correlation of rock types against each
other and depth

The cross-plot of 135 and flow zone indicator
values (Fig. 13) indicates a very high
correlation with a regression coefficient of 0.95
(R2 = 0.90). This indicates that both the
Winland R35 and flow zone indicator methods
produce good definitions of flow capacities of
reservoir units, and any of the two methods

can be used for rock typing (Rushing et al.,
2008). Similarly, the plotting of r35, flow zone
indicators and core permeability values
against depth perfectly shows strong
correlation (Fig. 14). It validates the popular
concept that the intrinsic reservoir
permeability depends on pore structure and
pore-throat size distribution (Widarsono,
2011).
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Figure 13: Cross plot of R35 values and flow zone indicators showing very high correlation between
flow zone indicator and r35 values.
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Figure 14: The plot of prosity, permiability, r35 and flow zone indicators show very good correlations
among the three parameters.

3.4 Depositional Control on Hydraulic Flow
Units Distribution and reservoir quality

The identified hydraulic (flow) units (HFU)
rock types are related to geological facies, but

they do not coincide with boundaries. In some
single depositional facies or sub-environments
of deposition, you have several hydraulic unit
rock types, and some single lithofacies are
characterised by a range of hydraulic unit rock
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types (Table 5). The best HFU with FZI greater
than 152 pm is the massively bedded
sandstone facies of tidal-bore deposition at the
middle  estuary. Similarly, the non-
reservoir/flow-barrier hydraulic rock types,
HU 7 and 8, are only the deposits of the
offshore  transition zone to  offshore
depositional environments. As shown in Table
5, HU rock types 2 - 5 are found in lithofacies
4 (cross-bedded sandstone), suggesting that
tidal sandbars deposited in estuary mouths
form good to excellent HFUs. Similarly, HU
rock types 2-4 are found in lithofacies 8
(channelized medium bedded cross-stratified
sandstone), suggesting that tidal channel
sandbars deposited in the middle and inner
estuary form very good to excellent HFU.
Similarly, lithofacies 3 (mud-draped cross-
laminated sandstone) is characterised by HU
rock types 4 and 5, suggesting that the
transgressive shoreface deposit produces good
to very-good HFU despite the mud drapes.
The variability of HFU across the different
lithofacies suggests the energy of the
depositional environment as the principal
control of the reservoir quality distribution.
As shown in Fig. 15, the plot of the hydraulic
units (HU) against depth suggests the control

of tidal current speed and energy on the
distribution of HFUs in the D1 sandstone
reservoir. The plot shows five cycles of
increase and decrease in the quality of HU
rock types that clearly mimic fluctuation in
tidal current speed and energy. Each peak of
the five cycles corresponds to the deposition of
HUs 1-4, classified as very good to excellent
HFUs (Table 3). The highest peak among the
five cycles corresponds to the deposition of
HUT1, formed by lithofacies 6 (massive bedded
sandstone),  interpreted as  tidal-bore
deposition. A tidal bore has been defined as a
moving hydraulic jump, triggered by a
rushing flood tide into a funnel-shaped river
mouth (fan et al.,, 2014; Dalrymple et al., 2021).
Therefore, a tidal-bore deposit is an indication
of a zone of tidal current speed and energy
maximum in an estuary. Similarly, most
troughs of the cycles correspond to the
deposition of HU rock type 8 classified as non-
reservoirs/flow barriers and baffles (Table 3).
The HU 8 is formed by lithofacies 12
(heterolithic shale) and 1 (dark grey
mudstone), interpreted as low-energy
deposition in the offshore transition zone and
offshore, respectively.

Table 5: Distribution of hydraulic unit rock types in lithofacies

HU  rock | FZI (um) Lithofacies Lithofacies types
types lower Numbers
boundaries

1. 1.52 6 Massive bedded sandstone.

2. 1.28 4,6,8 Cross bedded sandstone, Massive bedded sandstone
and Medium bedded cross-stratified sandstone.

3. 1.16 4,6,8,9 Cross bedded sandstone, Massive bedded sandstone,
Medium bedded cross-stratified sandstone and
Horizontal bedded sandstone

4. 1.0 3,4,6,8 Mud-draped cross laminated sandstone, Cross bedded
sandstone, Massive bedded sandstone and Medium
bedded cross-stratified sandstone.

5 0.6 3,4,9 Mud-draped cross laminated sandstone, Cross bedded
sandstone and Horizontal bedded sandstone

6 04 2, 5,8, 9 10, | Bioturbated Sideritic mudstone, Heterolithic

11 mudstone, Medium bedded cross-stratified sandstone

and Horizontal bedded sandstone, Heterolithic
sandstone and Thinly cross laminated sandstone.

7 0.24 12 Heterolithic shale

8 0.03 1,12 Dark grey mudstone and Heterolithic shale
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Figure 15: The plot of hydraulic units rock types against depth suggest the control of fluctuating tidal
energy on reservoir quality. It suggests the influence of five major cycles of tidal energy fluctuations

in the deposition of D1 sandstone reservoir.

3.5 Intra-sand body Compartmentalization
and Well Perforation Guide for optimum
petroleum production

The optimisation of petroleum from a
petroleum-rich reservoir requires perforating
the appropriate depth interval during well
development and applying other engineering
procedures that can result in high sweep
efficiency in both areal and vertical
dimensions. Therefore, petroleum production
optimisation is steadily decreasing the non-
swept zones in a reservoir to a minimum or
zero and increasing the swept zone to the

maximum, or a hundred per cent of the
reservoir, with no bypassed oil pool
Therefore, the plotting of hydraulic units (HU)
rock types against depth resulted in the
identification =~ of  three  intra-reservoir
compartments that can serve as a guide in the
well perforation, as shown in Fig. 16.
Perforating the depth interval with the best
HU in each compartment will result in
optimum petroleum recovery as petroleum
migrates from low elevation zone to the higher
elevation zone and from the high-pressure
zone to the low-pressure zone in the wellbore.
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Figure 16: Intra sand-body compartmentalization scheme of D1 sandstone reservoir showing vertical
distribution of lithofacies, three compartments and vertical layering that can be used as a guide for

well perforation for optimum petroleum production.

3.4 The predicted hydraulic flow units in the
non-cored D1b reservoir in Well 01

As indicated in section 3.1.2, the D1b
sandstone reservoir also consists of petroleum
in Well 01, with a defined oil-water contact at
7304 ft (Fig. 2). To optimally drain the
reservoir, the permeability (K), R35 and HU
distributions in the reservoir were predicted
using multiple linear regression (MLR) models
trained with the data from the cored D1
sandstone reservoir in well 13 (Table
6). Among the bulk density and gamma ray
logs, the latter was found to be the most
statistically significant predictor. As shown in
Table 6, MRL statistics show that the three
models are statistically significant, with
significant F far less than 0.05 (Draper and

Smith, 1998). But FZI and R35 predictive
models have the highest multiple regression
coefficient (R) of 0.75 and are considered very
good predictive models, and their predictive
values were found to be reliable for hydraulic
flow unit layering in the D1b sandstone
reservoir.

The predicted R35 and FZI values show that
the pore-throat sizes and HU in the D1b
sandstone reservoir of well 01, respectively,
are mainly megaporous, and hydraulic flow
units are good to very good (Fig. 17).
Perforating the depth interval with the best
HUs and far above the oil-water contact, as
indicated in Figure 17, will result in optimum
recovery of oil from the 14 ft (4.27 m) net-thick
reservoir.

22 Bulletin of Pure and Applied Sciences- Geology / Vol. 45F, No. 2 / July-December 2026



Heterogeneities and Rock types Characteristics in a tide-dominated Estuarine Sandstone Reservoir
Deposit, Coastal Swamp Depobelt, Niger Delta basin, Nigeria

Table 6: Multiple linear regression (MLR) algorithms and statistics

Dependent | Multiple | R F Sig. MLR Algorithms

variable R square F

K (md) 0.67 0.45 24.37 | <0.005 | K=4700.251-65.6177*y+1178.017*py,
R35 0.75 0.56 37.59 | <0.005 | R35 = 38.760-0.489*y +9.74534*p1,
FZI1 0.75 0.56 37.55 | <0.005 | FZ1=0.59008-0.01133*y + 0.375812*pp,

vy = Gamma ray log value. pb = bulk density log value. K = Permeability
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Figure 17: Shows the plot of the predicted values of R35, FZI and HU against depth; oil water contact
(OWC) and the proposed well perforation depth interval in D1b sandstone reservoir of Well 01.

4. DISCUSSION

This study has shown the infill stratigraphy of
a tide-dominated estuary, a summary of
processes of the infill deposition, factors that
control the deposition and the heterogeneities
in rock types and petrophysical properties of
the infilled deposits. The infilled stratigraphy
evinces layer-cake architecture due to the
influence of sea-level fluctuations on the
sediment deposition, typical of the Niger Delta

basin coastal deposits (Weber and van Geuns,
1990; Larue and Legarre, 2004; Reijers, 2011).
An abrupt increase in sea level resulted in the
deposition of field-wide flooding surface
shales, the main element of macroscopic
heterogeneities responsible for the vertical
subdivision of the D sandstone reservoir into
inter-parasequence compartments.

In line with Oyanyan and Oshinowo (2026),
the impoverished ichnofossil suite in all the
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identified depositional facies, the abundant
reactivation surfaces in tidal sandbars of the
outer estuary, the tidal-bore deposits in the
middle estuary and the tidal ravinement
surface in the inner estuary in the study-cored
D1 sandstone reservoir suggest deposition in a
tide-dominated estuary. The twelve lithofacies
that described the core samples are an
indication of megascopic and mesoscopic
heterogeneities that can be attributed to the
combination of variations in depositional
process, relative sea levels and tidal current
speed/energy (Ravalec et al., 2014). Generally,
the sandstone facies’ grains are mostly well
sorted and hence characterised by good to
excellent storage and flow capacities with
mean permeability and porosity values of
3937.1 md and 28.1%, respectively. The sorting
of sediment grains that determines the quality
of a reservoir depends on the source/distance
of travel and the winnowing energy of the
depositional environment (Nichols, 2009). The
well-sorted D1 sandstone’s grains, therefore,
suggest reworked sediment supply. Typical
estuary environments receive sediments from
both marine and fluvial sources (Darymple et
al., 1992; Tessier, B. 2012). It therefore also
suggests that the estuary received sediment
reworked from slightly older distributary-
mouth-bar deposits, and according to
Dalrymple and Choi (2006), such an estuary is
classified as a delta-plain estuary.

Microscopic  heterogeneities in the D1
sandstone reservoir are indicated by eight
hydraulic unit (HU) rock types with different
amounts of irreducible water saturation. The
tidal-bore deposit of the middle estuary gave
the best HU, followed by tidal sandbars of the
outer estuary, to show the sedimentary facies
control on reservoir quality, fluid behaviour,
and porosity and permeability heterogeneities
(Buatois et al., 1999). In the depositional
processes of the reservoir, tidal current
speed/energy fluctuation mainly controlled
the distribution of the hydraulic flow units
(HFU). The highest-quality reservoir, the tidal-
bore deposit, is associated with the rapid
deposition of sediment resuspended by the
highest tidal energy, while the non-reservoir
rock types are deposits associated with either
slack tidal flow or general low-energy
depositional ~ conditions. = The  vertical
distribution of the hydraulic units in the D1
sandstone reservoir is in line with the tidal

range and tidal-current speed variations along
the length of an estuary, which also mimic
longitudinal changes in tidal energy. Tidal
range and tidal-current speeds increased from
the estuary mouth to the middle estuary
because of the progressive decrease in cross-
sectional area of the estuary channel, but at a
certain point they decreased to zero at the tidal
limit in the inner estuary due to friction on the
bottom and sides (Dalrymple and Choi, 2006).

The highest-quality hydraulic rock types have
the largest pore-throat size network (Amaefule
et al, 1993; Rushing et al., 2008). Therefore,
perforating the depth interval of the best HU
in any reservoir compartment is a good option
for an optimum petroleum reservoir. Since oil
well coring attracts a huge cost and
consequently not all oil wells are cored,
predicting the HFU in the non-cored wells
using MRL algorithms or any other machine
learning algorithm is a necessary option for
optimum petroleum recovery.

5. CONCLUSIONS

The following conclusions can be drawn from

this study:

1. The study cored D1 sandstone reservoir was
deposited in a tide-dominated estuary, as
indicated by the impoverished ichnofossil
suite in all the depositional facies, the
abundant reactivation surfaces in tidal
sandbars of the outer estuary, the tidal-bore
deposits in the middle estuary and the tidal
ravinement surface in the inner estuary.

2. The quality of the tide-dominated estuary
reservoir was controlled by tidal current speed
and energy fluctuations, as indicated by the
plotting of hydraulic units against depth.

3. The entire D sandstone reservoir is
characterised by megascopic to microscopic
heterogeneities that resulted in inter-
parasequence and inter-sand-body reservoir
compartmentalizations as well as intra-sand-
body compartmentalization.

4. Despite the high level of heterogeneities, the
tide-dominated estuary formed a good- to
excellent-quality reservoir due to moderate- to
very-good sorting of grains.
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5. The vertical layering of the hydraulic flow
and the perforation of the depth interval with
the best hydraulic unit rock types during well
development present an opportunity to
optimally drain the petroleum-rich
heterogeneous reservoir with high sweep
efficiency.

6. Finally, with machine learning algorithms
such as multiple linear regression, the flow
zone indicators and hydraulic flow unit of the
D1 reservoir in a distant non-cored well can be
predicted to optimally drain the reservoir that
is not in pressure communication with the
cored well due to heterogeneities.
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