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EDITORIAL POLICY AND INSTRUCTION TO
NAPE BULLETIN AUTHORS

The NAPE Bulletin is designed for the dissemination of
information on the geology and associated technology of
petroleum, natural gas, and other energy mineral resources.

ARTICLES

Articles are papers of major extent and contain detailed
geoscientific data that support original interpretations or
methods. Article length is not to exceed 40 double-spaced
typewritten pages. Otherwise, Special authorization must be
sought through the editor. Published papers include, but are
not invariably limited to those presented at any of the
Association's technical sessions or the annual conference.

MEMORIALS

Memorials are not to exceed 800 words. Longer text is subject
to approval by the editor.

MANUSCRIPT REVIEW

All Articles are reviewed by two or more referees for technical
merit, quality of scientific content, and utility of the results for
practicing geoscientist. Discussions and replies are reviewed
by the Editor. The Editor makes the final decision concerning
the acceptance or rejection of a paper.

MANUSCRIPT PREPARATION

Manuscript must be typed double-spaced in Calibri font 11.
Please send in a CD or Flash Drive, one original, and 3
photocopies of the manuscript and five photocopies set of the
figures to the Editor-in-Chief, NAPE Secretariat, House 47A,
Femi Okunnu Rd, Estate Phase 1, Lagos. Send the revised
manuscript and any tables and/or computer-generated figures
on CD/Flash drive using the following guidelines:

Copy textfile in original application
Save graphicfile in original application
Indicate disk format and name of application (see below)

Write names used on CD/Flash drive and last name of senior
authoron label

MANUSCRIPT PARAMETERS

Use metric units or measure with English unit equivalent in
parentheses if needed.

Laboratory measurement do not require conversions.

Do not use abbreviations except for units of measure.

Cite figures in numerical order.

Cite all references and include complete information for each
citation in References Cited section.

Abstract should not be longer than 25 lines.
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distributor.

We do not cite work submitted or in preparation: these works
are cited as personal communication (e.g. S Jonas, 1990,
personal communication within text only).

Units

Measurement should be in metric (S.l) units intext and in
lllustrations or metric with Imperial equivalentin parentheses.

MANUSCRIPT SECTIONS

Manuscript should be organized as follows:

Title

Author(s) and address(es)

Affiliation(s)

Acknowledgments, ifincluded

Abstract (summarizes paper, approximately 250 words, 25
typed lines)

Text (use headings and no more than two classes of sub
headings)

Appendix(es), ifincluded

References Cited

Figure captions (listed on a separate sheet) and NOT
'ENCLOSURE' or 'PLATES’

Figures (separate from text)
Tables (separate from text)
ARTWORK PREPARATION

Identify by number all figures using pencil, non-reproducing
blue Ink, or Indelible Ink.

Do not submit figure larger than 17.8 x 2.9cm (7 x 9 In), expect
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with permission of the Editor.

Oversize or colour figures are published at expense of author.
Submit colour figure on CD/Flash drive, as print not larger than
20.3 x 25.4cm (8 x 10 in), or as transparencies not larger than
15.2 x 21.6cm (6 x 8.5in) Do not send ink-jet images or colour
photocopies.

Indicate orientation and scale on photography orin caption.
Scales/Axes

Allfigure mustinclude a scale.

Axes must be labelled on graphs.

Scale bar must be included on photo-micrographs. If a slide is
submitted, affix scale bar to a photo print of the slide and we will
transfer the bar scale to the slide.

Artwork will not be returned.

PERMISSION/COPYRIGHT

The author is responsible for obtaining permission to use
previously published lllustrations. A letter of permission from
the copyright holder must be submitted with the manuscript
before editing begins.

GALLEY PROOF

No content changes are allowed at galley proof stage.

COVERPHOTOGRAPHS

The Bulletin accepts good quality colour slides of geologic
interest for the cover. Slides will not be returned.

REPRINTS

Senior or corresponding authors should arrange with the editor
for reprints. Charges shall be borne entirely by the author(s).

SUBMISSION TO NAPE OF COMPUTER-GENERATED
TEXT AND GRAPHICS

NAPE uses the printing press for the production of periodicals
and thus is limited to the applications and formats locally
available. The following are the guidelines for the Computer-
Generated Text and Graphics.

APPLICATION AND FORMATS

Save textfiles in their original application as indicated below
TEXT:
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GRAPHICS:

Powerpoint (current edition) is recommended

SPREADSHEET:

Excel (current version)
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STUDENT MEMBERSHIP: An applicant of this
category must be an undergraduate pursuing a major in
any of the geosciences or petroleum related science.

Amount at Registration : N2, 000.00

Method of Application and Requirements: For all in
the individual membership category, kindly click on the
link http://members.nape.org.ng/application/new/ to
log on to the new NAPE Membership Application page.
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complete the online Individual membership Admission
form.

Be informed that all applicants for ACTIVE, JUNIOR or
ASSOCIATE membership would be requested to
upload the following for the completion of membership
admission form;

1. Comprehensive Curriculum Vitae (CV)
2. Degree Certificate(s)

3.NYSC discharge certificate

4. Passport sized photograph

5. Evidence of bank payment slip.

Please note that the size of each upload document must
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Membership ID (i.e NAPE Registration Number). Note
that the referees MUST be registered Active members of
NAPE with their functional e-mails registered on the
NAPE members’ portal

All applicants for STUDENT membership category
would be requested to upload the following for the
completion of the membership form;

1. Schoolidentity card or School admission letter
(if school ID is not available)
2. Passportsize photograp
3. Evidence of bank payment slip
Note that size of each upload document must not
exceed 1MB
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The SHELFAL Collapse Play — A Case Study from a Producing Field in the
Niger Delta, Offshore Nigeria

Ndianefo U. K.*, Bassey N. E. and Onyido 1. M.
*Mobil Producing Nigeria Unlimited

ABSTRACT

The Shelfal Collapse Play ranks as one of the least understood and understudied plays in the petroleum industry.
Interestingly, this play has one of the most unique, distinguishable and predictable genetic process associations that
translates to a potential set of very distinctive prospects comprising good quality reservoirs and traps, as clearly observed
and described in the Abang and Oso fields, offshore Niger Delta. The collapse of a shallow marine prograding wedge rich
with sandy deposits at the Oso Field, led to the emplacement of sand-rich gravity deposits in favorable trapping
configurations at the Abang Field. Instability caused by high rates of sediment supply without commensurate
accommodation downdip and consequent loading of shelf-edge deltaic sediments on a decollement surface or zone is one
of the leading mechanisms of this type of shelfal collapse. Multiple depositional styles have been observed on seismic
within the accommodation created by the collapse. They typically involve the deposition of slumps and slides recognized
as concave upwards rafted geometries in cross-section, passing downdip into debris flow identified as mostly chaotic and
transparent seismic facies, followed by a capping succession of turbiditic deposits recognized by channel map patterns on
amplitude extractions. A case study from the Abang Field using seismic and well logs will throw more light on these clear
identification criteria, which can be used in finding similar prospects within the geologic record. The resourceful nature
of this play will be highlighted by the Abang wells which produce oil from both the turbiditic and debrite facies with end

of field life recovery factor estimated to be between 0.35 and 0.60.

Keywords: Shelfcollapse, offshore, fairways, reservoirs, amplitude Extraction, debris flow, turbidites.

INTRODUCTION

Shelfal collapse plays have been rarely identified or
described in the Niger Delta Basin. Where they have been
identified, explored and exploited, they play host to
significant amount of hydrocarbon reserves due to a
favorable conflagration of play elements especially
relating to charge, traps and reservoir presence.

Unlike the Niger Delta Basin, detailed published
descriptions exist of shelf margin collapse events from
other basins around the world (Almagor, 1980; Lee et al.,
1991; Field et al., 1982; Edwards, 1990; Edwards, 1991;
Normark and Gutmacher, 1988; Edwards, 2000). Of
particular interest is the description of retrograde failed
shelf margins by Edwards (2000). What is unique about
his work is the detailed description of key features and
genetic models of retrograde shelf margins (caused by
collapse) using examples from the Northern Gulf Coast
Basin (USA), thus providing an understanding of the

© Copyright 2020. Nigerian Association of Petroleum Explorationists.
Allrightsreserved.

The authors wish to appreciate the Nigerian National Petroleum Corporation for
approving the release of the material presented in this work as well as Mobil
Producing Nigeria Unlimited for permission to present this work
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genetic relationships and recognition criteria that makes
the shelfal collapse play a prolific one. He summarized the
paucity of data conundrum when he said — “relatively few
publications have described features that are unmistakably
of the type covered in this paper. This is partly because
most recent published studies are regional in scope and
posited that older publications did not recognize them as
distinct feature.” This regrettably remains the case today,
especially in the Niger Delta Basin. For example, the Qua
Iboe Shelf Collapse — a large regional scale shelfal
collapse within the Niger Delta Basin covering about 6000
sq.km with more than six (6) billion barrels of Oil
Originally in Place — has very little detailed description
and recognition criteria (Krukrubo et al., 2013; Onwude et
al., 2013) in the public domain. The paucity of published
detailed descriptions of this collapse could be related to its
very large-scale nature (spanning multiple fields), making
it difficult to have a synthesized description of all the
architectural elements within the collapse.

Our study will describe a much smaller Tortonian Shelfal
Collapse Play (The Abang Shelfal Collapse) comprising
the Abang Field Discovery in the Niger Delta Basin,
offshore Nigeria (Figurel). We intend to use this study to
highlight the genetic features within the Abang Collapse

1



The Shelfal Collapse Play

and to describe the unique trapping configurations
possible with similar plays. Wells and production data
will also be used to highlight how prolific the deposits that
constitute the reservoirs are. Ultimately, these
observations can be scaled and used as analogues in
similar or larger regional studies.

Rapid sedimentation (sediment supply >>
accommodation) of the Benin and Agbada formations
over the under-compacted and mobile shales facies of the
Akata Formation is the leading cause of deformation
within the delta (Adegoke et al., 2017). This is evident in
the abundance of structure building growth faults and
shale diapers characteristic of syn-sedimentary
deformation.

Figure 1: Location Map showing the Study Area within the MPN-JV Acreage, off the Coast of Nigeria.

Geology Background

The Tertiary Niger Delta is one of the world's largest and
extremely prolific hydrocarbon province (Doust and
Omatsola, 1990; Haack et al., 2000). It is listed in the “Top
25 Global Super Basins” with cumulative production and
remaining oil and gas reserves exceeding five (5) billion
barrels of oil equivalent (Sternbach, 2018) and overlies an
area that covers over 256,000 sq.km (Adegoke et al.,
2017).

The origin of the Niger Delta Basin is tied to the South
Atlantic Rifting that led to the separation of the South
American and African Plates (Short and Stauble, 1967,
Whiteman, 1982; Doust and Omatsola, 1990). This led to
the deposition of over 12 kilometers of thick Tertiary
deltaic sediments characterized by prograding
diachronous facies of continental to deep marine facies.
These sediments are popularly grouped into 3
lithostratigraphic units (Dessauvagie, 1972; Reijers et al.,
1997; Whiteman, 1982) — the Akata Formation (marine
mud, slope and basin floor turbidites), the Agbada
Formation (Paralic - Shoreface, Lagoon, Distributary
Channel, and Transgressive sands) and the Benin
Formation (Continental Fluvial sands).

The rapid sedimentation rates, coupled with the
dominance of fine-grained sediments towards the medial
to distal portions of the delta has contributed to the
formation of 3 main structural domains — the extensional,
the translational and the contractional domains. In special
cases, the instability associated with rapid sedimentation
rates over the shelf-slope break can be the trigger for
shelfal collapses which are sometimes aided by existing
zones of weakness.

This study will focus on the Abang Shelfal Collapse
(Figure 2) located within the extensional domain and of
Tortonian age in the Abang-Oso Field area (Figure 3).

METHODOLOGY AND RECOGNITION
CRITERIA

Several architectural elements have been identified within
the Abang Collapse (Figure4), consistent with
descriptions and observations made by Edwards (2000)
from the Northern Gulf Coast Basins (the Hackberry
Collapse in particular). Identification of these elements
were aided by 3D seismic data, well and production data
within the Abang-Oso area Collapse

The Abang Collapse is a relatively small scale collapse
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that covers an approximate area of 85 sq.km. It occurred in
the Tortonian and its base (a discontinuity surface) can be
observed on 3D seismic data as mappable arcuate-shaped
decollement or truncation surface (Figures 4 & 5). The
decollement surface is generally coincident with the
Tortonian 3 defined Sequence Boundary (Unconformity)
in the downdip areas while its headscarp (Mosher et al.,
2010) is easily recognizable as the boundary between
semi-continuous/continuous reflectors (outside the
Collapse) and chaotic/discontinuous reflectors (within
the Collapse) (Figure 5). According to Edwards (2000),
this is a key geometrical feature of a retrograde failed shelf
margin and can sometimes be misinterpreted as a fault.
The collapse is believed to have been initiated during the
Tortonian Lowstand due to sediment loading within the
Oso shelf edge delta, north of Abang. The high
sedimentation (sand-rich) rate at Oso coupled with the
presence of a possible plane of weakness, created
conditions that allowed for the collapse of the Tortonian 3
(and possibly the Upper Tortonian 2) deposits. An
approximate volume of thirty-nine cubic kilometers
(39cu.km) of sand rich sediments is believed to have
collapsed into the bathymetric low, and transported
downdip via gravity flow processes.

L
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Rotational Slump Blocks

Rotational Slump blocks as defined by Easterbrook
(1999) have been observed within the Abang Collapse
manifesting as detached blocks of rock which slid along a
concave upward slip surface with rotation about an axis
parallel to the slope. These blocks are more prevalent
closest to the headscarp (Mosher et al. 2010; Figure 4) and
rest on the unconformity surface, and in some cases, on
other slump blocks within the collapse. In general, the
identified scarps indicate a stairstep pattern of displaced
blocks. Though unpenetrated in Abang, it is believed that
these slump blocks are sand-rich due to the close
proximity to the paleo sand-rich shelf-edge delta that
initiated the collapse at Oso, as well as the presence of
sand prone facies in the downdip debris flow (Figure 4).
Edwards (2000) described similar slump blocks in the
Gulf Coast Basin as comprising shallow water deposits of
interbedded sands and silty shales, supporting the
plausible interpretation of a collapsed shelf edge delta.

Debris Flows

Downdip of the slumps, debris flows (Lowe, 1979) or

mows W |
|
|

Figure 3: Dip-section highlighting the Location of the Oso-Abang Area within the Extensional Domain.
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Figure 4: Seismic section highlighting the main architectural elements that make up the Abang Collapse (1. Slump Blocks;

2. Sandy Debrites; 3. Turbidites).

Figure 5: Seismic section showing boundary between semi-continuous/continuous reflectors (outside the Collapse) and

chaotic/discontinuous reflectors (within the Collapse).

slope aprons (Edwards, 2000) were deposited. These
partially fluidized flows are a manifestation of the
bathymetric low (deepwater) created by the evacuation of
strata during the collapse. They can be erosive due to the
high shear stress associated with their transportation and
are observed to lie side by side with deepwater
hemipelagic/pelagic deposits (Haughton et al., 2003; Amy
and Talling, 2006; Sumner et al., 2009). In Abang, three
major debris flow fairways have been observed (Fig. 6).

These fairways were recognized via a combination of
depositional profiles, seismic facies character and well
data. Subtle thickness variations highlights fairways
characterized by longitudinal thicks. On seismic they are
characterized internally as transparent to chaotic seismic
facies (Figure 5). Well data from one of the fairways
confirm significant high quality sand deposition (Fig. 7).
The considerable net sand deposition within the debris
flow deposit in Abang is likely tied to the up-slope
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presence of a shallow marine sand-rich shelf edge delta at
Oso (Fig. 4). This, in combination with the Lowstand
setting at this time contributed to creating sediments
fairways favorable to sand-rich deposits by gravity
processes.
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continuous to continuous reflections with clear linear
amplitude trends originating from the headward portions
of the collapse (Figure 7). It is also possible that, further
down the depositional profile (outside the study area), the
debris flow deposits transitions to turbidity flow deposits
(Haughton et al., 2003; Amy and Talling, 2006; Sumner et
al.,2009).

Figure 6: Depositional profile of the base of the debritic section interpreted on a flattened seismic volume shows 3 major
fairways (1, 2a and 2b) within the Abang Collapse. Fairways 1 and 2b are unpenetrated and are the targets of near

term delineation/exploration.
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Figure 7: Seismic Section showing the Transparent Seismic Facies nature of the sandy debris facies. Well data confirm
presence of good quality sand in these transparent debritic facies (2. Sandy Debrite; 3. Turbidites).
The Top Facies-3 depth map also shows the outlines of the turbidite facies fairways.

Turbidites

Increasing levels of fluidization led to the deposition of
turbidites. On seismic, these deposits are generally layered
above the slump and debris flow deposits and are
characterized by relative bright amplitude semi-

Shelf Deposits

Shelf edge delta progradation past the collapse region led
to the deposition of shelfal/deltaic sediments above the
Collapse fill. In Abang, this deposition coincides with the
late stages of the Tortonian-3 Lowstand when relative sea-
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Table 1: Reservoir properties of the producing facies in Abang.

level was just beginning to rise. Eventually, the collapse
deposits became capped by distal shelf shales on the
Transgressive Systems Tract (TST). In Figure 4, the
TOR3 TS marks the onset of shelfal deposition.

RESULTS

The Abang Field (STOOIP in excess of 120 Million
Barrels of Oil) was discovered in 1992 and streamed in
2012.

Reservoir Characterization

As previously described, the Abang Collapse fill
comprises slumps, overlain by sandy debrites and
turbidites, eventually capped by dominantly muddy shelf
deposits. The Abang reservoir comprises 2 main facies —
the turbidite facies and the sandy debrite facies. These
have reasonably good reservoir properties (Table 1). No
penetration of the slump facies has been made yet, while
the shelfal deposits are mostly shales.

Trapping Configuration

The Abang Field is an updip, fault dependent 3 way
closure with some lateral stratigraphic trapping observed

Reservoir Characteristics
Facies 3 Facies 2
(Turbidites) (Sandy Debrites)
Drive = Solution Gas = Solution Gas
« Weak aguifer + Waak aguiler
Mechanism suppont
Mg NTG 0.60 a.e2
Porosity
27 25
! %)
i) Permeability
100-500 100-500
i (. {mD)
2 Saturation 82 80
1‘ 1%)
Ly 1o _!_

locally (Figure 7). Pressure data suggest communication
across the reservoir bearing sub-units. Contact
information from the wells indicate that the hydrocarbon
accumulation is constrained by the spill point of the
shallowest reservoir sub-unit (Unit 3), though trapped
(perched) water as witnessed in Well D1 can occur locally
due to local topographic variations (Figure 7).

Field Production

3 production wells have been drilled till date (Fig. 7). The
Abang T1 and TD2 wells are producing from turbidite
facies (facies 3); while the Abang TD3 well is producing
from the sandy debrite facies (facies 2). The Abang
producers have good reservoir properties (Table 1), each
producing an average of 7 thousand barrels of oil per day,
with more producer wells planned in the near term.

CONCLUSION

The Abang Collapse presents a rare opportunity to study
the geometry and characteristics of the architectural
elements that constitute the fill of a relatively small-scale
shelfal collapse. Shelfal collapse regions are filled with
sediments that have very complex and variable facies
distributions. The reason for shelfal collapses have been
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debated, but a plausible cause associated with this study is
one due to shelfal instability from sediment loading and
sudden failure by shelf edge deltas. In Abang, the collapse
is an arcuate shaped depression that created a bathymetric
low for sediments to be funneled via gravity processes
(Figure 4).

The initial space is filled by arcuate shaped slump blocks,
which transition to debris flow deposits, turbidites and
then capped by shelfal sediments as the collapse is
eventually filled up. The updip-depositional presence of
correlate-able sandy shelf edge deltas (Oso) increases the
likelihood of having significant sandy facies with good
reservoir properties within the collapse. The Abang debris
flow and turbidite facies have good reservoir properties.
This is especially note-worthy for the debris flow deposits,
whose transparent character on seismic might lead to a
shaly facies mischaracterization. Under favorable trapping
conditions, these sandy debrites and turbidite facies can
hold significant hydrocarbon volumes as evidenced in
Abang.
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A Fit-for-Purpose Geological Evaluation Workflow for Non-Rig Well Work

Omotayo-Johnson Mobolaji and Kuku Abimbola
Chevron Nigeria Limited

ABSTRACT

The depth of geological evaluation involved in non-rig well work (NRWW) can sometimes be under-documented as it
tends to be more rigorous in the early phases of maturation of the opportunity. This paper seeks to highlight the
geoscientist's role in non-rig well works by presenting a fit-for-purpose evaluation workflow developed in the maturing
of five opportunities in the Western Niger Delta shelf. For a large field with over 140 existing wells, the evaluation can
sometimes be very complex with conflicting well data. For a geoscientist, understanding spatial location of wells within
the reservoirs and the implication of well performance on current reservoir condition are the most important task. In the
reservoir of interest, the K-02, it was found that most of the shut-in wells had quit on low tubing head pressure indicating
that the reservoir is pressure depleted. This might imply that few opportunities remain in the reservoir, given that thisis a
reservoir with a large gas cap and about 50% recovery. Pressure data from new drills through the reservoir however shows
that the pressure in some fault compartments may be adequate to lift the oil to the surface. Based on geological
evaluation, current reservoir conditions indicate that some of the shut-in wells were still within the reservoir oil band and
still have the potential to flow simply by adding perforation above current interval. With the intent of using the gas cap as
a potential gas lift, the perforation intervals were deliberately optimized to be as close to the current gas-oil contact as
possible. Four perforation addition jobs in the reservoir and one zone switch opportunities into a shallower reservoir were
proposed for execution. Two opportunities successfully executed led to significant production addition while others are
still in different stages of maturation. A major challenge encountered is that with rapid pressure depletion, reservoirs with
huge gas caps may ultimately have limited options of lifting oil to the surface, even with large remaining oil in place.
Structural compartmentalization was also an issue as it limits how far dynamic fluid and pressure data can be extrapolated
away from well control. An important lesson learned is that for a very big field with over a hundred wells, keeping an up-
to-date well/reservoir status worksheet is recommended. This easily captures all well and reservoir information that will
aid NRWW evaluation in one single repository.

Keywords: Geological, evaluation, Workflow, perforation, compartmentalization, reservoir, pressure, fluid contact.

INTRODUCTION

Determining reservoir fluid contacts appears to be the
single most important task in the NRWW process. Before
the decision is made to zone switch out of the producing
reservoir, it must be that the zone being abandoned is
either gassed out or fully flushed. The intent of the
evaluation is to determine whether the reservoirs have
remaining economic accumulations and that wells are
available to produce the opportunity. A new zone may then
be selected that typically have good reservoir pressure and
good potential and be structurally well placed within the
reservoir (Bates ef al, 2012). Additional perforation could
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be the recommendation if it is found that opportunities
exist above current perforation in the same zone. From this
effort, those wells that require a zone switch to shallower
reservoirs are also determined. The evaluation also helps
to verify if reservoir conditions favor any other well
intervention such as gas lift, acid treatment or hot oiling
before proposing any zone switch.

If zone switch is recommended, the same rigorous
evaluation is carried out for the new reservoir of interest to
ensure that the reservoir interval in the well falls within the
oil band. The geological evaluation basically influences
what type of well work — perforation addition, zone switch
or other well intervention — to be recommended and
determines the initial proposed perforation interval and
how much hydrocarbon volume is being targeted.

Reservoir Discussion
The K-02 is a saturated reservoir that has had significant
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production with peak production of in the 1980s. About
thirty well have been completed in the reservoir to date
(Figure 1). At the beginning of this study there were only
two completions flowing from the reservoir. Material
balance analysis indicates that the reservoir drive
mechanism is a combination of gas cap expansion and
water influx with little contribution from solution gas
expansion. This is corroborated by the HGOR and HBSW
seen in producing wells, depending on their placement on
the structure.
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Figure 1: K-02 Original Fluid Distribution Map.

The reservoir was initially interpreted as a single flow unit
within the hydrocarbon zone and the aquifer. Post-
production wells data however revealed the development
of differential oil-water contacts as identified by shallower
contacts in two recently drilled well in the east of the
reservoir than the production interval of the two producing
wells in the west. Two distinct oil accumulations are

believed to have been segregated due to crestal faulting
and are most likely being depleted as separate tanks
(Figure 2). The reservoir is however still connected in the
aquifer hence the similarity in reservoir pressure across
fault compartments.

The reservoir of interest, the K-02 is a saturated reservoir
which was discovered in 1964 when the discovery well
encountered 20 ft of net oil in the K-02 sand. The reservoir
has currently produced 58.1% of its EUR. The reservoir
exhibits a four-way faulted dip closure at the crest of the
complexly faulted crested fault block (Figure 1). It has a
large gas cap with a relatively small oil rim. About 81 wells
have penetrated this reservoir to date. The original gas
column is 144 ft, with an original oil column of 79 ft. The
last recorded reservoir pressure is 1,708 psi representing
about 43% decline from the initial recorded reservoir
pressure of 2,934 psi in 1965. Most of the wells that
produced from this reservoir quit on low tubing-head
pressure (LTHP) due to extreme pressure depletion. The
pressure challenge implies that even if opportunities still
exist in some wells, getting enough pressure to push the oil
to the tank appears to be a hinderance to successful
execution of any well work.

Reservoir Evaluation Workflow

In a complex field such as this with several producers at
different points in the history of the field, a good starting
point for geological evaluation is to develop a template
that gives all reservoir and well information on a single
database (Figure 3). A spreadsheet was developed that
incorporated the status of all well strings in the reservoirs
such as production status, current rate, water cut, existing
non-rig well work plan and if plan is on current barge
schedule, on the one hand, and the list of all available
reservoirs penetrated by the well on the other.

The different sorting tabs includes:
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Figure 2: K-02 Reservoir Stick Diagram showing varying fluid contacts across crestal fault. Note that well 78 completed
deeper is still producing while Wells 17 and 21 with shallower completions have quit.



1. Well status indicates whether well was flowing (ftt)
or shut in for various reasons such as low tubing head
pressure, high GOR, high water-cut etc.

2. Current production in barrels of oil per day (bopd):
any well producing below a set economic limit can
easily be identified.

3. Future plan column identifies wells that are already
being progressed or matured to prevent duplication
of effort.

4. Constrain tab indicates wells that have any sort of
mechanical issues such as fish-in-hole, tubing issues,
communication issues etc. that would prevent any
immediate well work

5. BS&W indicates water cut and give an idea of
possibility for gas-lift as an option

6. List of Reservoirs penetrated by each well string,
color coded according to the fluid type encountered
(gas, oil or water). Also indicated is the oil and gas
column encountered. The current producer can be
uniquely color-coded to easily show which are the
remaining potential candidate for zone switch to
shallower reservoirs.

With this database in place, it was easy to sort by wells
that have been shut in and for what reason they were shut
in as well as wells that were flowing. Wells that had very
low production volume can also be identified early on as
future opportunities so that the queue of opportunities is
updated for timely interventions. \

This might be a tedious exercise for a field with over 200
well strings and will need to be constantly updated to keep
well status up-to-date, but the front-end loading exercise
provides an evergreen resource that churns out potential
well work opportunities and helps focus the geologist's
attention on reservoirs of interest.
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In this case, sorting through well status on the field
database revealed that the K-02 reservoir had a good
number of wells that were shut in on low tubing head
pressure even at relatively low water cut. Nodal analysis
was carried out and excludes the option of gas lift to
sustain and optimize flow in many of these wells.

Next phase was the actual geological evaluation of the
reservoir to understand why wells in the reservoir had this
unique status. Fluid contact evaluation showed the
reservoir still had between 24-40ft of oil in place. Four
new wells drilled in 2016 revealed that while Gas-Oil
contacts variation was not significant, Oil-Water contacts
varied by up to 20ft across the faults. For the eastern flank,
current OWC is from one of the wells was -6,647" tvdss
and an OUT at- 6623ft. TVDSS. On the western side,
another new well encountered an ODT at 6656 ft tvdss and
is corroborated by material balance (2018) which puts the
COWC in the western flank at 6659ft tvdss.

Along with saturation logs, production data and material
balance analysis were also used to estimate fluid contacts
for comparison. Contact estimation from water cut
information assumes that the percentage of water-cut
corresponds to the fraction of the perforation interval
covered by water. Water cut could however be affected by
coning and could vary significantly in case of a slanting
contact. It should be noted that production-based oil-water
contacts tend to be more pessimistic than the reality.
Formation water is believed to move faster than oil in a
bottom water reservoir especially where withdrawal rate is
high (Tu etal, 2007).

The challenge to production from the reservoir was the
magnitude of pressure depletion that meant that even
though there was still up to 60mmbo in place volume in the
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Figure 3: Non-Rig Work Over Geological Evaluation Data Sheet with well and reservoir information. Database allows
integration of all required NRWO information for effortless evaluation.
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reservoir, most of this volume could not be brought to the ~ responsible for shallower fluid contacts and higher-

surface. Some of the wells however revealed suspected  pressure depletion. When production from this side
partial dynamic pressure compartmentalization due to the  stopped, it appears the zone had had chance to re-
complex system of crestal collapse faults. It appears that  equilibrate baffled, as it were, from the rest of the pool by
some fault blocks were able to act as partially closed  the fault where production was still ongoing. Wells that
systems with possible lower decline rates with high  had perforation interval still within the oil band in these
enough pressure to sustain fluid flow for longer. Several of  fault blocks were identified and flow-tested. One of such
the wells that had quit were found to still have perforation  wells, well 24 came back onstream with about 200bopd
interval within the oil band encountered in the new drills.  production. Other wells in these fault blocks were
The reservoir has a huge gas cap and simply adding  evaluated for potential perforation addition well work and
perforation at an optimized interval close to the gas cap ~ wells 17,21, 24 and 36 were thus identified.

could be used to lighten the tubing column somewhat to

get the oil to the surface. These wells were proposed for ~ Choice of perforation interval is another task the geologist

additional perforation above existing intervals (Figure 4). must undertake. Usually the perforation interval would
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Figure 4: K-02 Structural Cross-section Showing Current Fluid Contacts. Identified perforation addition opportunities are
indicated in yellow box

Pressure data taken from some of the new wells revealed ~ need a compromise with the asset Engineer to be as far
that fault compartments do exist with significantly higher ~ from the gas and water as possible but in the K-02
pressure that could get the oil to the tank. It was found that ~ reservoir, the choice was to be close to the GOC to enable
withdrawal rate had been higher in the eastern more  some gasinto the tubing to lighten the fluid as a form of gas
faulted area at the earlier phase of production and this was ~ lift mechanism. Water Cut Sensitivity Analysis for well 24

Proposed Perforation Addittion
] 6715-6725 ft. MD
(-6625 to -6635 ft. TVDSS

Figure 5: Well 24 Well Log showing Proposed Perforation Addition. 1



indicates that the reservoir pressure would be able to
sustain flow naturally to a water cut of 76% while the well
was already at over 70% water cut. The wells were
therefore going to need gas lift to continue producing.
Getting the optimal perforation interval was important to
the expected production increase as the this would
determine extended life of the additional production.

DISCUSSION AND CONCLUSION

The last measured reservoir pressure from a well within
the viable fault block was 1,718 psi (June 2016)
representing about 43% decline from the initial recorded
reservoir pressure of 2,934 psi in 1965. This is
significantly higher than the 1250 psi that was recorded
before this as part of well surveillance from areas with
higher pressure depletion rate

Production add of up to 67% increase on the old rate was
recorded in well 24 by adding perforation at an optimal
interval within the oil band above current perforation
indicating that even in this highly depleted, pressure
challenged reservoirs, non-rig well work could still
salvage some value. Other opportunities are being
matured leveraging the lessons learned from the well 24
well work result. (Figure 5).

An important challenge with this reservoir is that with
rapid pressure depletion, reservoirs with huge gas caps
may ultimately have limited options of lifting oil to the
surface, even with large remaining oil in place. This
reservoir had many take points at a time and voidage
replacement was not going on. One thing that could have
helped was to be more conservative in production rates so
that the reservoir gets the change to significantly maintain
its pressure.

While extrapolating reservoir properties as seen in wells,
structural compartmentalization severely limits how far
fluid and pressure data can be extrapolated away from well
control This often means we do not know if a well is going
to behave a certain way or not. In terms of best practices,
for a very big field with over a hundred wells, keeping a
well/reservoir status worksheet is recommended. This
easily captures all well and reservoir information that will
aid NRWO evaluation. Well production data needs to be
integrated in this database with pressure data and dynamic
reservoir characterization to fully assess an opportunity.

An important lesson learned is that teams should be
willing to exhaust all available options in producing from
a zone before considering zone switching to another.
Sometimes with significant pressure depletion, some
seemingly viable geological opportunity may not be
technically possible to mature.

Omotayo-Johnson and Kuku / NAPE Bulletin 29 (2); (2020) 8-12
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First De-Ghost Depth Migrated 4D Signal on Akpo Field:
From Acquisition to Innovative Processing Adaptations and Impact
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ABSTRACT

For close to a decade, seismic monitoring campaigns over the Akpo Field have been quite successful in impacting infill
well development and reservoir management decisions. In 2018, a dedicated low-cost seismic monitor survey was
acquired while achieving high repeatability metrics (lower dS+dR) in both the obstructed and the non-obstructed parts of
the field. This was made possible with real-time iterative fold and repeatability acquisition QCs between vessel offshore
and onshore site. Prior to 2018, 4D seismic has been utilized rather qualitatively relying on narrow bandwidth time-
migrated 4D signal. With the 2018 survey, a 4D seismic processing flow was innovatively adapted to de-ghost the 4D
signal after the main de-multiple flow and then depth-migrate the 4D signal using a prior TTI PSDM velocity model after
just one update of tomography. The combined results of the carefully executed 4D seismic acquisition survey and
specialized non-conventional processing techniques has resulted in the first ever de-ghosted, larger bandwidth, depth-
migrated 4D signal on the Akpo Field. Initial results show that the 4D signal thus obtained is better resolved, more
coherent with geology and more laterally continuous. This has increased confidence in the robustness of the 4D seismic
in impacting infill drilling as well as permitting a more quantitative use of the 4D signal for model history-matching and
dynamic model update for better forecasting of remaining field reserves in the maturing field. Akpo field is operated by
Total Upstream Nigeria Limited (TUPNI) on behalf of NNPC, SAPETRO, PETROBRAS and CNOOC.

Keywords: De-ghosting, migration, seismic, processing, velocity, tomography, 3D regularization, amplitude,

destripping, modelling.

INTRODUCTION

The Akpo field, operated by TUPNI, is located deep
offshore, Nigeria and is 200km south of Port-Harcourt.
The water depth varies from 1200m to 1500m and the
reservoirs are turbidite channel complexes and lobes of
Miocene age, containing under saturated critical fluids.
Figure 1 shows the location of Akpo field relative to other
big fields in the Niger Delta basin.

Since the first oil in 2009, previous monitor surveys
acquired include Monitor 1 (M1)in 2011, Monitor 2 (M2)
in 2015 and the very recent Monitor 3 (M3) in 2018. The
baseline seismic was acquired in 1998 while the
undershoot baseline seismic was acquired in 2009
covering the area with fixed surface installations (Akpo
FPSO & Offloading Buoy).

After 10 years of production, the Akpo field has recorded
great successes with 4D monitor surveys. For example,

© Copyright 2020. Nigerian Association of Petroleum Explorationists.
Allrightsreserved.
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the M2 facilitated the identification of un-swept areas

leading to infill drilling opportunities (Adeyemi et al ,

2018). The M3 processing was in two phases, the fast track

and the full processing, the full processing of the M3 was

carried out using a de-ghosted depth migrated approach,
with the aim of pushing the fast track volumes (which was

a 4D conventional PSTM delivered four months after the

last shot point of the M3 2018 acquisition) to yield better

results.

With these additional processing steps included, we were

able to:

- Achieve bandwidth extension targeted at improving the

low frequencies and enabling sharper and more
continuous 4D signal;

- Increasing the 4D signal to noise ratio;

- Improving the lateral positioning and focusing of the 4D
signal with one pass of velocity update and;

- Optimize the global matching between the three
monitors, which was one of the feedbacks from the
inversion team, in order to get better results from the 4D
inversion.

OBJECTIVES & CHALLENGES

The main geophysical challenge was to use an optimized
workflow to extract a sharp and accurate 4D signature
with a minimal turnaround time. The asset objectives of
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¢ ~200km South of Port Harcourt
< Akpo water Depth: 1200 - 1500 m/MSL

< 4 discoveries: Akpo, Egina, Preowei, Egina South
+ Miocene sandstone Turbidites

Figure 1: Regional location of Akpo field.

the 4D seismic were for reservoir monitoring &
management; identifying infill opportunities, bypassed
zones and as a guide for potential well intervention.

Increased Repeatability in Acquisition

In 4D processing, to detect changes in the reservoir, good
repeatability of acquisition parameters is key to achieving
good 4D results. However, getting the right match
between surveys can be challenging given that the
circumstances surrounding the previous acquisition will
differ, with changes in factors such as ocean currents,
temperature, tides and surface obstructions on the field.
To mitigate this, it is highly recommended to have
steerable streamers (to maintain source tracks and
streamers on pre-plot), and also to have real time current
data and a 4D in-field acquisition specialist onboard for
optimal line planning. In order to reduce the impact of the
listed factors, infills are designed and acquired so as to
improve on 4D repeatability in areas of low fold. The
baseline and the monitor surveys on Akpo field, apart
from M1, involved single and dual vessel operations. The
constraints of the fixed surface obstructions, Akpo FPSO
& Offloading Buoy with about 2 km of separation

Navigation Area
S

I

Deployment Area

Offloading Buoy ™~ ,
Egina

FPSO Egina =

Figure 2: Survey Layout and Obstructions.

between them as shown in Figure 2, led to an innovative
design, which is the use of a push-pull asymmetric
streamer configuration which enabled the acquisition of
the 5200m far offset with reduced number of streamers
and streamer length (the initial recording spread is
therefore roughly divided by four due to HSE related risk
in the obstructed area). This acquisition technique was
used for the first time on Akpo field and in Nigeria in
20009.

The single vessel operation consisted of a spread of 8
streamers, each of 5200 m length and separated by 100 m,
while the dual vessel operation consisted of four
streamers, each of 2600m length and separated by 100m.
In order to acquire the same offsets range and CDP lines
comparable to the single vessel mode, it is necessary to
navigate four times (two times in push and two times in
pull) to acquire same data. The pull mode involves the
source vessel leading the streamer vessel by 2600m for
acquisition of long offsets (from 2600 to 5200m) while the
push mode involves the source vessel lagging the streamer
vessel by 350m for acquisition of the short offsets (from
350 to 2600m). The undershoot of the FPSO and the

Offloading Buoy
Egina »

.“\\

FPSO Akpo
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2500m - 5300m

Short Offset - Push Mod

Preplot Line o

0 CFG - (08

Preplot Line

i

Long Offset - Pull Mode o

Figure 3: Configuration showing Dual Vessel configurations during Akpo 4DM3. Long offset — Pull Mode (Right) and the

Short offset — Push mode (Left)

offloading buoy, and acquisition of the lines in between
the obstructions (Figure 2), are facilitated using this
acquisition push-pull method (Figure 3).

For the M3 acquisition, the pre-plot was the post-plot of
M2 (prime & infill lines) with slight smoothening.
Steerable streamers, near real time current data and
optimal line planning by a 4D in-field acquisition
specialist aided in obtaining very good dataset with
medium to high level of 4D repeatability and coverage

UNFLEXED COVERAGE 150M-5350M (ALL) ;H

Figure 4: Unflexed coverage (150m — 5350m). Full fold
achieved in both the single and dual vessel areas.

(Figures 4 and 5). There was an additional constraint on
the SW part of the survey area — the Egina OLT Buoy
installation where 3 km exclusion zone was agreed. This
affected the Run-in & Run-out in that area and
consequently, the coverage without any detrimental
impact on 4D signal at the reservoir level. There was a
significant cost savings on the M3 survey due to better
management, optimization and contractual conditions
than for M2 in 2015. Lastly, the survey was completed
safely without any significant or high potential HSE or
Security incident and this was achieved in record time.

4D Processing

The 4D processing was done in two phases, the
anisotropic PSTM fast track (delivered four months after
the last shot-point), and the anisotropic PSDM full
processing delivered six months later. The processing
workflow was designed to co-process all three vintages
together (Table 1), with M2 serving as the reference
survey in those two separate instances. The fast track of
the M3 used the regular 4D processing scope, while the
full processing had additional processes such as de-
ghosting and imaging, which were done for the first time
on the Akpo field. Noteworthy is the fact that, the lessons
learned during the fast track processing particularly for

Figure 5: 4D Repeatability for Near and Far Offset.

4an o TER LT
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statics, matching, demultiple, destripping, 4D binning and
regularization, were valuably used to optimize the full
processing.

In a bid to achieve a good 4D signal, it was necessary to
reduce the 4D background noise seen in the fast track.
Therefore, multiple passes of denoise were applied in
different domains on the co-processing of the three
surveys to optimize the results. This can be seen in the 4D
RMS and NRMS maps shown comparing results of the
fast track and the full processing. The process of matching
covered the overburden section, within the reservoir area
and also in deeper sections. It was possible to closely
monitor the progress of the processing with milestone 4D
QCs carried out at intervals after major processing steps.
Table 1 below shows the processing sequence applied to
the full processing, text in red are the additional processes
applied for the first time on the Akpo Field.

De-ghosting:

Conventional towed marine streamer suffers from sea
surface ghost reflections, thereby compromising on signal
bandwidth and limiting the resolution of seismic events
and attenuation of deep signals. This can be seen as

reservoir level. Additionally, this rich low frequency
solution enables accurate inversion of data, better
structural & stratigraphic definitions, improved lithology,
fluid prediction and serves as an optimal guide in making
drilling decisions (Agnisola et al., 2018).

Low frequencies are less impacted from earth's
attenuation effects and can penetrate deeper layers. Low
frequency data are also beneficial for waveform and
impedance inversion as richness in low frequencies
allows for better constraints in inversion results. The
process of deghosting will ultimately boost both the low
and high frequencies as it fills in the amplitude spectra
around the notch frequency locations.

It was also necessary to apply several passes of denoise in
multiple domains, each handling different noise
elements, both random and linear (Hicks ef al., 2014).
However, for the full processing sequence, it was decided
that the 3D Surface Related Multiple Elimination
(SRME) de-multiple output from the fast track, will be a
good starting point for the full processing, as this route
will minimize the impact of the boosted residual noise

Table 1: Processing Sequence of Full processing Sequence (red text signifies the first time processes applied on the

Akpo Field)

INPUT NAV DATA - DESIGNATURE - DENOISE - DEMULTIPLE - AMPLITUDE DESTRIPPING - RMC -
AMPLITUDE DESTRIPPING - INITIAL GLOBAL MATCHING - COLD WATER STATICS

3D SRME - DENOISE - DEGHOSTING - RESIDUAL DEBUBBLE - Q - PHASE ONLY

GLOBAL FOOTPRINT REMOVAL - FREQUENCY MATCHING

RESIDUAL 4D TIME & AMPLITUDE DESTRIPPING - 4D BINNING - 3D REGULARIZATION

RADON DEMULTIPLE - RESIDUAL DENOISE (OFFSET) - VELOCITY MODEL BUILDING (1 UPDATE)
TTI KPRESDM - RMO CORRECTION - STACK - Q - AMPLITUDE ONLY - 3D FXY DECONVOLUTION

FREQUENCY MATCHING - TIME & AMPLITUDE DESTRIPPING

notches in the amplitude spectra as shown in Figure 6,
corresponding to source and streamer depths at Sm and 8m
respectively. A de-ghosting technique was used to address
the above issue caused by surface ghost in order to
increase the bandwidth of the data. Broadband data are
well suited for 4D reservoir monitoring, for optimized
recovery and decrease the interpretation uncertainty at

after deghosting. The already zero phased data was
converted back to minimum phase to adhere to the
deghosting assumption of an input minimum phase
wavelet. Further testing ensured neither ringing nor
artefacts were introduced post application of the
deghosting process. Figure 7 shows results of de-ghosting
in pre-stack domain showing a boost in low frequency.

x

prm———
n‘h‘tﬂ '\ Red - Pre Deghosting |

'y "~ Blue - Post Deghosting
| XA i

Y S\
H \

Figure 6: 2D Stack pre-deghosting (left) and post de-ghosting (middle). Amplitude spectra (right); red spectra

(pre-deghosting) and blue spectra (post-deghosting).
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Velocity Model Building

In 2011, a depth velocity model was built for the Akpo
field using the baseline data. This has been the reference
velocity model for well placements. During the full
processing of the M3, this model was updated to improve

Figure 7: 2D gathers before (left) and after (right) Deghosting.

spatial positioning of structures and focusing of 4D
signals. Using the newly de-ghosted datasets, one pass of
velocity model update was performed, using conventional
tomography in order to achieve a better stack response thus
leading to sharper structural continuity of the 4D
signatures, delineating flushed zones from bypassed
Zones.

The baseline data was selected for the tomography
process. To ensure a stable automatic picking was
achieved, the data was pre-conditioned in the XT domain.
Gathers on a 50m x 50m grid were muted at 45 degrees to
remove far offset stretch. Further cleaning of the gathers
included attenuating the steeply dipping aliased multiple
and eliminating high frequency noise which can interfere
with the automatic picking and gridded tomography
iteration process. One pass of long wavelength
(800mx800mx240m) tomography was carried out to
resolve the velocity variations seen in the initial (2011)
model.

Depth misties analysis was done after the tomography
velocity update by comparing well depth markers with
seismic events. Several target lines were migrated to
ensure structural consistency and that 4D effects are

Adeyemi et al. / NAPE Bulletin 29 (2); (2020) 13-19

properly imaged. Improved gather flatness and
structurally aligned signal coherency on the QC target
lines indicated that the velocity model update was
successful. Figure 8 shows comparison of the new
velocity model and the initial model, with the DV
(difference in velocity) derived from the new and the old
models.

Furthermore, due to the poor picks observed in the deeper
section, a horizon was used to constrain the picks in the
deep units to avoid introducing artefacts into the model.

After tomography inversion, a delta update was applied to
maintain gather flatness and marker positions at the
original depths. Depth misties carried out by the asset
interpretation team on this data showed great
improvement compared to misties derived from the 2011
velocity model. The improved velocity model was used
for the final pre-stack depth migration on all three surveys.

RESULTS

After the full processing, a significant impact on the
qualitative and quantitative interpretation was achieved
thanks to this new 4D processing approach including the
addition of the de-ghosting and an update of the velocity
model, needed to run an anisotropic pre-stack depth
migration (PSDM). With the extra denoise steps applied in
various domains, a major reduction in the 4D background
noise was observed. Destripping and statics correction
steps aided the convergence of time shifts (between the
Base98 and M3 surveys) to the reference M2 survey,
which in turn reduced the acquisition footprints and
improved clarity of the 4D effects. Global matching done
pre stack and post stack reduced the effects of residual 4D
differences between survey pairs.

4D co-binning, using small ds+dr (repeatability between
surveys) pairs between the three surveys made significant
improvement with regards to the 4D NRMS (which
measures the sensitivity of the repeatability metrics, with
regards to the signal time shift and the signal bandwidth).
It was also discovered that by limiting the ds+dr, we were

Figure 8: Structural stack overlain with velocity model: initial velocity model (left), new velocity model (middle),

difference in velocity-dV (right).
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Figure 9: 4D NRMS evolution from the initial denoise to the final post stack processes applied to the data.

Figure 10: : Qualitative differences between the FAST TRACK and FULL PROCESSING sequences in the major producing
interval where activity is at its peak. (Note the differences in scale between the fast track NRMS (10-130) and
the full processing NRMS (5-60) (Burren & Lecerf, 2014))..

B98-M3 4D Difference - Fast Track

ime—ay |
B98-M3 4D Difference - Full Processing —

Figure 11: 4D difference of a crossline section across the Akpo field. Horizons overlaid represent overburden
(between 2.5 — 3.5secs) and producing reservoirs (between 4.0 —4.8secs). This depicts the difference seen between
the anisotropic PSTM fast track on the left and the anisotropic PSDM full processing on the right. Less 4D noise on
the full processing and there is better resolution. (Note there are gain functions and scaling differences due to

amplitude Q applied to the full processing).

able to eliminate the migration noise (feedback from fast
track processing). The co-binned traces were fed into a
regularization process, where small holes and empty bins
(<250m) were filled, which helped to reduce migration

artefacts that can arise from missing data and minimize
acquisition footprints seen on the maps. Figure 9 shows a
summary of the 4D NRMS progress tracked with 4D
milestone QC's during the co-processing of all thr16§
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Figure 12: Comparison between the Fast track (left) and full Processing (right), maps extracted are from one of the deeper
reservoir levels overlain with 4D "change in impedance" between B98 and M3 over a period of 10 years.

surveys.
An anisotropic Pre-stack depth migration was run for all
three surveys. This brought about further improved spatial
positioning of the structures and increased focusing for
more precise 4D differences. From the results below, a
better focusing within the reservoir zone and better
delineation of the fault structures is seen in the Akpo field.
Figures 10 and 11 respectively shows maps and sections
that cut across the producing reservoirs, with
improvements achieved between the fast track and the full
processing.

IMPACT

Preliminary results from 4D inversion, seen on the change
in impedance, show that the fast track and the full
processing have visible differences. The full processing
shows better focusing and cleaner 4D signals. On the fast
track, it appears what the asset thought was an over
pressured zone (patches of orange) in the north east has
drastically reduced (Figure 12). The obvious water
anomalies seen in the west are similar, what we see as
blurry in the fast track has sharper details in the full
processing. Therefore, we have improved the illumination
of this particular reservoir, as we see the 4D inversion
gives more stable results permitting a more quantitative
use of the 4D seismic data for history matching and
dynamic model update, as well as confirming the location
of'infill wells on Akpo field.

CONCLUSION

Real time follow up of Akpo field 4D seismic acquisition
and the use of steerable streamers helped to increase the
much needed repeatability for a successful 4D seismic
acquisition. Overall, good repeatability (ds+dr) was
achieved between the M2 and the M3 even in areas with
surface obstructions.

The Akpo 4D M3 processing followed two routes, the fast

track processing and the full processing. For both
processing routes, all three vintages B98, M2 (2015), M3
(2018) and their corresponding undershoots were co-
processed together. The full processing had extra
processes in the work flow such as optimizing the denoise,
applying de-ghosting for bandwidth expansions and depth
imaging, which was the first time for the field. With these
steps, a major success has been achieved in the processing
results seen on the full processing.

The velocity model update improved gather flatness and
are more structurally coherent with the seismic image,
most especially on the flanks. The results have confirmed
with certainty that the addition of these processing steps
have increased confidence in the robustness of the 4D
seismic and have positively impacted infill drilling
program.
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Opportunity Generation in Mature Field Settings using Spectral Decomposition:
Niger Delta Field Examples
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ABSTRACT

The current operating environment, arising from volatile oil prices, challenges the industry to be proactive with cost
saving innovations and application of cutting-edge technology. Spectral decomposition technology (SDT) is a proven
method for enhancing opportunity generation and optimizing well placement through better imaging of subtle structural
and stratigraphic features. Three case studies of SDT integration for drill well opportunity generation in mature field
settings offshore Niger Delta are presented. In all cases, SDT allowed us to discriminate the most significant frequency
components and optimize seismic data for structural and stratigraphic interpretation. Deepwater examples are taken from
two fields where SDT was used to delineate thin-beds that fall at or below seismic resolution. SDT enhanced stratigraphic
details that were not obvious in traditional amplitude extractions. Results were used for improved Environment of
Deposition (EOD) definition, reservoir connectivity and well placement optimization. In the shallow water environment
example, SDT was used to enhance regional mapping of fluid contacts (flat events) in a shallow water field. Frequency
volumes aided mapping of gas-oil-contact (GOC) and oil-water-contact (OWC) at locations where they were less visible
on traditional stacked time-domain seismic volumes. Results were successfully used as part of field-wide review to
assess future opportunities in the field. In some of the cases, additional deeper and shallower anomalies were identified,
which could be subjects of future investigations. The technology is currently being used to support other ongoing projects
inshallow JV and Deepwater fields.

Keywords: Spectral, decomposition, seismic, amplitude, extraction, frequency, deepwater, gas-oil-contact, oil-water-
contact.

INTRODUCTION past decades and has become a well-established tool that
helps in the analysis of subtle structural and stratigraphic
features. Partyka et al., (1999) introduced SDT as an
interpretation technique and presented an interpretation
workflow that was successfully used for imaging and

mapping of temporal bed thickness and geologic

SDT is an important analysis tool that is used to
decompose seismic signal into its constituent frequencies.
This allows the interpreter to see amplitude and phase

tuned to specific wavelengths, just as aradio can pick outa
single station, or prism a single color (Hall and Trouillot,
2004). SDT decomposes the seismic data into individual
frequency components that fall within the measured
seismic bandwidth, so that the same subsurface can be
viewed at different frequencies (Partyka et al., 1999).
Because stratigraphy resonates at wavelengths dependent
on the bedding thickness, thin beds or features will be
tuned and have relatively higher amplitude at higher
frequencies (McArdle and Ackers, 2012).

SDT has been employed in seismic interpretation over the
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discontinuities in 3D seismic data. Since then, spectral
decomposition has been widely used in seismic data
interpretation in applications such as stratigraphic and
complex fault system characterization (Marforth and
Kirlin, 2001; Wei, 2010), quantitative reservoir
characterization (Hall and Trouillot, 2004; McArdle and
Ackers, 2012), gas identification (Burnett et al., 2003;
Odebeatu et al., 2006), and direct hydrocarbon detection
(Yoon and Farfour, 2012). In all cases, SDT is shown to be
a robust tool to enhance structural and stratigraphic
interpretation.

In this paper, we present three case studies of SDT
integration for opportunity generation in mature field
settings offshore Niger Delta. In all cases, SDT allowed us
to generate frequency volumes to view and extract new
information from seismic data. In the deepwater
examples, SDT was applied for channel system
delineation. This has improved our understanding of
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reservoir architecture and connectivity, as well as
Environment of Deposition (EOD). In the shallow water
example, SDT was used to aid field-wide mapping of flat
events associated with GOC and OWC. This provided
improved confidence and accuracy in the mapping of
seismic flat events, and ultimately, in the field-wide
evaluation of future opportunities in the field.

In the following sections, we present a brief overview of
theoretical concepts and explain the choice of SDT
methods that were used in this study. Next, we discussed
the field examples; highlighting technical impacts of the
SDT integration. Finally, we summarize various learnings
with recommendations for improved SDT integration into
future opportunity generation studies in shallow JV and
deepwater fields in Niger Delta and beyond.

THEORETICAL CONCEPTSAND METHODS

An important underlying principle in SDT is the Fourier
transform. In general, a seismic trace g(z) can be
formulated as (Bracewell, 1986; Zhang et al., 2009):

gie} = [ alt, FleE0 df (1}

where a(t,f) and F(tf) are amplitude and phase
components, respectively, attime /. The Fourier
transform G(f) of the seismic trace g(?) is the inner
product of the signal with the basis function e
(Bracewell, 1986; Sinha et al., 2005):

GO = (g(t) ') = [ a(t)e ™" de (2)

where w = 2p} 7. A seismic signal when transformed into
frequency domain using the Fourier transform (Equation
2), gives the overall frequency behavior, in a stationary
sense, over a large window representing entire spectrum
of the signal (Bracewell, 1986). For spectral
decomposition, the signal is 'windowed' (that is a short
segment of the signal is taken) and Fourier transform is
performed on the windowed data to obtain local frequency
information. In other words, a window or kernel function
(a filter) is introduced into Equation 2 such that (Sinha et
al., 2005):

G(f,7) = [gle).s(r)e™)=[” g(F @rle~ede (3

where G(ft)is a spectrally decomposed signal at analysis
window (t,t) (where T is a window's parameter with 3(t,T)
being complex conjugate). Generally, different direct and
analogous approaches have been proposed and applied to
solve Equation 3 and its various adaptations. This has
given rise to varieties of spectral decomposition methods
for seismic data interpretation. Examples of these
methods include: short time Fourier transform (STFT)
(Partyka et al., 1999); continuous wavelet transform CWT
(Sinha et al., 2005); the S-transform (Stockwell et al.,
1996; Odebeatu et al., 2006); constrained least-squares
spectral analysis (CLSSA) (Puryear et al., 2012); Gabor

transforms (Ying-Pin et al., 2013); and matching pursuit
spectral decomposition (Mallat and Zhang, 1993; Wang,
2007); among others. A comprehensive review of various
spectral decomposition techniques is presented by Tary et
al, (2014).

According to Castagna and Sun (2006), SDT can be
categorized as 'useful' or 'mot useful' for the specific
applications, and not as 'right' or 'wrong'. All the
techniques have characteristics merit or demerit and
different techniques are required or could be more suitable
for different applications (Chakraborty and Okaya, 1995).
Generally, successful applications of each of these
methods for structural and stratigraphic interpretations
have been documented (for examples: Partyka et al.,
1999; Hall and Trouillot, 2004; Odebeatu et al., 2006). For
numerical implementation, Equation 3 (or any equivalent
continuous function, depending on the SDT approach), is
converted into discrete form (such as Discrete Fourier
Transform) and algorithms are developed and packaged
into user-friendly software. Presently, proprietary and
commercial software are available such that, following
initial seismic data conditioning and noise reductions,
little data preparation or effort is required to get results to
enhance geoscientists understanding of reservoir
architecture. With present advances in technology, the
practice is to test different techniques, and the method(s)
for which target objectives are met is/are selected.

The frequency decomposition workflow that was adopted
in this study was based on the deconvolution of Gabor
wavelet with seismic trace (McArdle and Ackers, 2012)
(for the deepwater studies), and CLSSA method (Puryear
et al., 2012) (for the fluid contact mapping). The methods
were selected after initial evaluation of various SDT
methods as implemented in the software that was
available for this study. We decomposed the seismic
volumes into a suit of frequency cubes and then view
cross-sections and horizon-based slices extracted from
different frequency cubes. The optimal frequency bands
upon which the target geological features were best
illuminated were selected. We used the RGB (Red, Green,
and Blue) display scheme as applied by Liu and Marfurt
(2007) to view the high, middle and low frequency slices
in a single colour image. The RGB blending workflow
assigned low frequency in the Red channel, mid frequency
in the Green channel, and high frequency in the Blue
channel. Generally, high frequency components are
sensitive to the thin layers and low frequency components
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are better at revealing thick layers (McArdle and Ackers,
2012). Therefore, by combining different frequency
components, we could better delineate channels with
different thickness (Partyka et al., 1999). Also, as part of
the study, we generated RGB blended frequency volumes.
This allowed shallower and deeper anomalies to be
discovered, thereby generating additional opportunities
for future studies.

FIELD EXAMPLES

Deepwater: Channel System Delineation

The SDT was applied to channel system delineation in two
deepwater fields, offshore Niger Delta. The target
reservoirs are JQ3 and BX4 reservoirs from separate
geological settings.

Reservoir JQ3 consists of low impedance sands within a
stratigraphically/structurally trapped mud rich turbidite
system, in a mid-lower slope setting on the western flank of
a shale-cored anticline structure. It consists of four weakly
confined deepwater channel complexes trending NE-SW
(Fig. 1). The reservoir is Upper Miocene in age and is
composed of fine-grained amalgamated channel sands
derived from the shelf margin. Estimated ultimate
recovery for the reservoir is 130 MBO. Seismically, the
reservoir is tuned as net reservoir thickness is expressed as
single seismic loop events on seismic data. Figure 1a is an
attribute extraction showing the reservoir deepwater
channels and sample well locations. 11/P1 and 12/P2
injector/producer pairs were drilled in Channel B, whereas
13/P3 pair was drilled in Channel C. Ongoing studies seek
for additional drill well opportunities in Channels A, B, C,
and D. However, connectivity and sweep remain key
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uncertainties in development of JQ3 reservoir, making it
critical to target injector/producer pairs in the same
channels in the different regions.

Figure 1b shows RGB blended frequency data draped on a
reference horizon representing the top of the reservoir. We
obtained 14 frequency cubes in the usable frequency band,
5-60 Hz, at an interval of 5 Hz. The low, middle and high
frequency components are at 15 Hz, 25 Hz and 35 Hz
respectively, after careful inspection of different
frequency volumes. The RGB blend reveals more detail
about the channel systems, highlighting associated facies
and resolving internal geometries. For examples, the
occurrences and geometries of late stage channel systems,
especially in Channels B and C, are highly visible. New
insight provided by SDT has led, in part, to interpretation
that performance of the various injector/producer pairs
might have been impacted by the highlighted late stage
channel systems. Also, noticeable is connection between
Channels B and C (Figure 1b), which were initially and
otherwise thought to be entirely separated based on
attribute extractions (Fig. la). This information is
currently being integrated into well placement decisions.
In addition, a good correlation has been established
between well data and spatial spectral expressions on the
SDT-derived RGB surface (Figure 1b). Based on well
data, areas of strong and equal response from the three
decomposition frequencies which appear white,
correspond to sandier areas, whereas dark color, with no
resulting signal at any of the chosen frequencies of the
blend (McArdle and Ackers, 2012), corresponds to low
net-sand areas. This information corroborates results from
amplitude extraction where brighter amplitudes
correspond to thick net-sands (Fig. 1a). Generally, future

Late stage
channels

Figure 1: Reservoir JQ3 showing the producer/injector pairs; (a) amplitude extraction; (b) SDT-derived horizon-based color

blend of 15 Hz, 25 Hz, and 35 Hz frequencies, as Red, Green and Blue colours, respectively.
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drill wells are being designed to target relatively thick
sands, where producer/injector pairs are well connected
for sustainable pressure support.

The second case study was taken from another deepwater
setting in the Niger Delta. Reservoir BX4 is an Upper
Miocene sand located in a deepwater slope channel
complex system. The reservoir consists of two separate
fault blocks separated by a major fault. The downthrown
block is penetrated by well E1X, which encountered oil in
the Upper Miocene sand. Previous detailed study (Amidu
et al., 2015) used well and seismic data calibrations at
E1X to de-risk fluid type in the unpenetrated fault
compartment in the SW fault block. Results predicted oil
in upper part of the unpenetrated SW fault block close to
major fault. Also, previous wedge modeling has shown
that reservoir thickness is relatively below the limit of
seismic resolution (Amiduezal., 2015).

extraction (Figure 1a) and SDT-derived surface (Fig. 1b).
Overall, SDT enhanced better knowledge of internal
architecture of the reservoir. The SDT information
corroborates results from previous study (Amidu et al.,
2015), where a drill well location was proposed in upper
side of the unpenetrated SW fault block close to major
fault.

Beyond the horizon-based analysis, Figure 3 shows the
blended 3D frequency volumes that were generated from
above highlighted studies. These volumes provided
opportunity for quick reconnaissance to identify
anomalies away from the zones of interest. Generally,
with such 3D volumes, entire field could be studied,
where shallower and deeper anomalies could be mapped
at resolution higher than could be possible with
conventional time-domain seismic volumes. Details of
such analysis, however, are beyond the scope of the

Figure 2: Reservoir BX4 showing deepwater channels and well E1X; (a) amplitude extraction; (b) SDT-derived horizon-based

color blend of 20 Hz, 25 Hz, and 30 Hz frequencies.

Figure 2 shows an amplitude extraction and a horizon-
based SDT-derived RGB blended frequency data from the
reservoir. Improved level of details of channel patterns
and locations of major faults are revealed by spectral
decomposition. Two systems of channels (designated as
C1 and C2) could be more clearly observed to run from NE
to SW, where they merged to form bigger channel systems
in the south. Also, SDT surface (Fig. 2b) shows detail
geometry of branching channel C3, which was less visible
in the attribute extraction (Fig. 2a). The proposed oil sand
as inferred from previous study is within Channel C1
(yellow circle). The areal extent of the sand could be
corroboratively inferred from both the amplitude

present study.

Shallow Water: Fluid Contact Mapping

We applied SDT to support presence of flat events, and to
accurately map OWC and GOC on seismic volumes from
BWY field in shallow water offshore Niger Delta. The field
is one of the largest assets in the Niger Delta covering over
15000 acres, with over 200 wells, and a remaining reserve
estimate of about 500 MBO. To effectively and accurately
assess future opportunities in the field, field-wide mapping
of fluid contact using seismic data was carried out.

We generated frequency volumes over a frequency range of
5to 60 Hz at 5 Hz increment, and volumes for which the flat

23



Amidu et al. / NAPE Bulletin 29 (2); (2020) 20-25

d

b

Figure 3: Examples of 3D SDT-derived RGB color blended volumes, which have been useful for field-wide quick
reconnaissance to identify shallower and deeper anomalies.

events were most visible were selected. Figure 4a, shows
examples of cross sections through the original seismic
volume and the frequency data. The interpreted GOC and
OWC are visible on all the displays, though careful
analysis of the various sections reveals subtle difference in
information in the seismic volumes. Generally, the
frequency volumes were used interactively with the
stacked time-domain volume for the fluid contact
mapping. By integrating all the data, both the GOC and
OWC could be better mapped with confidence throughout
the field.

Figure 4b shows the originally mapped GOC and OWC,
whereas Figure 4c shows SDT assisted maps of the fluid

contacts for the field. The advantage of SDT integration
into the work process is clearly visible. The SDT allowed
the contact to be densely mapped, as the SDT integration
allowed the flat events to be mapped with improved
confidence; thereby increasing accuracy of results. The
field-wide estimation of remaining oil column thickness
was eventually carried out using the GOC and OWC
maps. Relatively un-swept areas were characterized by
higher oil column thickness, whereas low oil thickness
correlated to areas with higher production impact. Results
were consistent with available static and dynamic models
for the field. Overall, this information has aided
evaluation of remaining oil reserves, drill well planning,
production optimization, and general future opportunities
inBWY field.
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Figure 4: SDT-derived technical products for BWY field; (a) Seismic cross sections through original seismic data and

frequency volumes; (b) Basemap display of mapped GOC and OWC flat events as mapped from time-domain

volume; (¢) Basemap display of mapped GOC and OWC flat events assisted with SDT-derived frequency volumezs4
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SUMMARY AND CONCLUSION

Spectral decomposition analysis is an important imaging
tool for reservoir characterization. Three field examples
presented illustrate how high-resolution picture of a
reservoir can be built with greater confidence to obtain
better understanding of risks and uncertainties. In the
deepwater examples, SDT enhanced stratigraphic details
not obvious in traditional amplitude extractions. Results
have improved understanding of the reservoirs
architecture and thereby reducing reservoir connectivity
uncertainties. For the shallow water environment case
study, integration of SDT helped to improve confidence in
the field-wide mapping of flat events associated with fluid
contacts, and thereby enhancing accurate evaluation of
future opportunities inthe BWY field.

In addition, ability to generate RGB-blended 3D
frequency data has helped to identify anomalies that could
be the focus of future studies. With current advances in
technology and availability of proprietary and
commercial software, following initial data conditioning,
little effort is required to get results to enhance better
understanding of reservoir architecture. Nevertheless, a
good knowledge of SDT fundamentals coupled with
knowledge of reservoir of interest will help to guide
choice of methods and ensure accuracy of SDT-derived
data interpretation. Generally, improved SDT integration
into shallow and deepwater studies is recommended to
extract subtle information from seismic data. Presently,
the technology is currently being used to support other
ongoing projects in our shallow JV and Deepwater fields;
adding confidence to stratigraphic and structural
interpretation.
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Foraminiferal Analysis and Palacoenvironmental Reconstruction of Sediments
in Amofu, Southern Benue Trough, Nigeria
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ABSTRACT

The nature and distribution of potential resource-bearing rocks are key in geological exploration. Palacogeographic
reconstruction of sedimentary basins provide important information on the prevailing environmental conditions during
their deposition and hence serves as potential resource indicator. This study focuses on areas around Amofu, present-day
Enugu state, Southern Benue Trough, Nigeria. Detailed Geologic mapping involving lithologic description was
undertaken in order to decipher the underlying rock types and stratigraphy. Also micropalacontological analysis was
carried out on representative samples from the area to ascertain the foraminiferal biostratigraphy, establish the age of the
rocks, and interpret the palacodepositional environment of the area. The area is underlain by shale, heteroliths of shale-
siltstone and shale-sandstone, and sandstone units. Twelve planktonic foraminiferal species were recovered
(Guembelitria cenomana, Guembelitria cretacea, Heterohelix moremani, Heterohelix globulosa, Heterohelix reussi,
Hedbergella delrioensis,, Hedbergella planispira, Hedbergella simplex, Whiteinella archeocretacea, Whiteinella baltica,.
Whiteinella aprica, and Whiteinella inornate). Only planktonic foraminiferal species were present, indicating essentially
open marine environment. The preponderance of calcareous tested species also indicates shallow marine conditions.
Other microfossils recovered include gastropod Turritella and Ostracod. Based on diagnostic short-ranged foraminifers
of the Whiteinella and Guembelitiria species recovered, an age of Mid Aptian to Latest Turonian is assigned to the rocks
in the study area. Integrated field, micro-, and trace fossil assemblage studies overall suggest a lower shoreface
palaeodepositional environment, with a low thermal gradient, reduced water mass stratification, and a well-developed
oxygen minimum zone.

Keywords: Foraminifera, Palacodepositional Environment, Stratigraphy, Microfossil, Lithostratigraphy,
Palacogeography

INTRODUCTION over the Cretaceous period.

Palaeogeographic reconstruction of sediments in  Detailed geologic mapping and lithologic description

sedimentary basins provide important information on the
prevailing environmental conditions during their
deposition and hence serves as potential resource
indicator. It often requires determination of spatial and
temporal distribution as well as relationships of strata that
generally represent diverse environments of deposition.
Integrated lithostratigraphic and biostratigraphic studies,
as well as sequence stratigraphic analysis are very
important tools that aid a much reliable paleogeographic
reconstruction (Tew and Mancini, 1995). The intensive
studies of foraminifera in sediments of Southern Benue
Trough during the last two decades have proved them to
be very useful for regional correlation to ascertain
palacoenvironments of deposition and age determination
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were carried out at Amofu and the environs, in the present
day Enugu state. It lies within the Abakaliki basin,
southern Nigeria (Fig. 1). It is bounded by latitudes 6°
05'N to 6° 10°N of the equator, and longitudes 7° 40°E to
7° 45’E of the Greenwich Meridian, covering an area of
85.56 km2 (Fig. 2). Foraminiferal assemblages from the
clastic sediments in the area were recovered and analyzed.
The present geological study was undertaken to assess the
lithofacies and biofacies within the area to ascertain the
foraminiferal biostratigraphy, establish the age of the
rocks, and reconstruct the palacodepositonal environment
inwhich the sediments in the area were deposited.

Geological Setting

The Southern Benue Trough, in which the Abakaliki basin
is located, is an elongate NE-SW trending intracratonic
depression, with length of over 1,000 km and width of
about 250 km (Nwajide, 2013) flanked on either side by
Precambrian rocks. The elongated appearance of the
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trough tends to suggest some sort of structural control for
its formation, hence has led to a number of propositions,
ideas or models for its origin and evolution. These and
more recent models based on modern concepts of plate
tectonics are well documented in the works of Wright
(1968), Grant (1971), Burke et al., (1971, 1972), Olade
(1975), Ofoegbu (1984) and Benkhelil (1986). Three
major tectonic events have been identified in Southern
Benue Trough.

They include the Albian phase, the second Santonian
thermal phase and the third Eocene structural inversion
event. These are well recorded in Short and Stauble
(1967); Murat, (1972); Obi et al., (2001). Of the three
tectonic events, the Santonian compressive movement,
terminated sediment deposition in the Abakaliki basin. It
resulted in folding, uplift, faulting, magmatism, and
creation of the Abakaliki Anticlinorium, which laterally
translated the depocenter westward and eastward forming

a » . ArEm

Figure 1: (a) Map of Nigeria showing the location of the Southern Benue Trough (adapted from Abdullahi ez al., 2019)
(b) Geologic map of the Southern Benue Trough showing the location of the study area (adapted from Dim et al.,

2016).
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Figure 2: Geographic (accessibility, relief and drainage), geologic map (outcropping lithogies and litostratigraphic units) and

Geologic cross-section (A—B), across the study area.
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the younger Anambra and Afikpo basins respectively
(Nwachukwu, 1972; Benkhelil, 1982).

Thus, the stratigraphic succession of the Abakaliki Basin
is pre-Santonian in age and has been established as the Asu
River Group, Eze-Aku Group and Awgu Formation (Table
1). The stratigraphic successions and sedimentologic
history of the basin are well documented in Hoque (1976)
and Ojoh (1992). The Albian Asu River Group comprises
the oldest marine deposits in the Southern Benue Trough.
It consists dominantly of very thick, dark grey shales,
which are typically calcareous, with subordinate fine-
grained, micaceous sandstones, micaceous siltstones and
limestones (Cratchley and Jones, 1965). This Eze-Aku
Group comprises thick flaggy calcareous shales, bluish
non-calcareous shales, sandy or shelly limestones and
calcareous fine to medium-grained sandstones (Reyment,
1965, Umeji, 2000). The Awgu Formation overlies the
Eze-Aku Group and consists of greyblue shales, with
subordinate limestones and calcareous sandstones
whereas the Agbani Sandstone is made up of a medium- to
coarse-grained bioturbated sandstones. The Awgu Shale
contains Turonian foraminiferas at its base and Coniacian
ammonites at its top (Benkhelil, 1986).

MATERIALSAND METHOD OF
INVESTIGATION

The study approach involved both field data outcrop
mapping, and analyses of data. Study tools include
compass, topographic maps obtained from Nigerian
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Geological Survey Agency (NGSA), GPS, geological
hammer, sample bags, dilute acid and field notebook. The
software employed include GIS software, (ArcGIS),
sedimentological logging tool, (SedLogTM 3.1), and
Excel.

Twenty-Six outcrop locations were studied and sampled
systematically essentially along river channels for the
sedimentological, tectonic and biostratigraphic
characteristics. The rock records were further subjected to
various analyses for presentation. The lithologic
succession was represented using SedLog TM 3.1. This
was followed by detailed facies analysis to aid paleo-
environmental interpretation. Representative shale
samples collected from outcrop sections from 6 locations
were taken to the laboratory for micropalacontological
studies in the Organic Chemistry Laboratory, Department
of Geology, University of Nigeria. The preparation of the
samples in the laboratory for micropalacontological
analysis strictly followed standard procedures
(Armstrong and Braisier, 2005).

Fifty grams of each sample was weighed using a weighing
balance and then dissolved in a beaker containing
kerosene. This was allowed to stand for 48 hours, after
which the kerosene was decanted and water was added to
the beaker such that the sample was completely
submerged and allowed for 24 hours. Each dissolved
sample was washed in a 63 micron sieve mesh with the aid
of jet stream of water and detergent, until all the mud was
completely removed. The shale residues containing

Table 1: Stratigraphic succession in the Abakaliki Basin (Sourced and Redrawn from Dim ez al., 2016).
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fossils were allowed to dry for 24 hours. The dried
samples were poured into fossil plate for fossil
identification under the paleontological binocular
microscope. Fossils were picked using picking brush
based on its diagnostic forms and placed in a fossil box for
more detailed description. Precautions taken to avoid
contamination of samples include rewashing of the sieve
mesh after sieving a particular sample and cleaning up the
fossil plate and picking brush after each use. A
comprehensive foraminiferal album was used as guide in
the identification, naming and description of the fossils.
The information obtained was plotted on a foraminifera
distribution chart. The age determination of the sediments
in the area was based on the use of last appearance datum
and first appearance datum of age diagnostic
foraminiferal species. Identification of species
assemblage that represent a particular depositional
environment was also carried out during the biofacies
analysis.

RESULTS AND DISCUSSION

Lithofacies Analysis

The results show 4 distinguishable lithofacies based on
lithology, colour, grain size, texture and sedimentary
structures. They are: (1) shale facies (F 1); (2) heterolithic
shale-siltstone facies (FA 2); (3) shale-sandstone facies
(FA 3); and (4) sandstone facies (FA4) (Fig. 3).

Shale Facies (F 1)
Description: The shale facies (F 1) is the most common
facies in the area and has two subordinate lithofacies.

These are the calcareous shale (F 1a) and non-calcareous
shale (F 1b) sub-lithofacies. The calcareous shale (F la)
sub-lithofacies are generally dark grey, fissile, moderately
to highly indurated and calcareous (Fig. 4a). At some
locations they are micaceous, appear as grey to yellow or
yellowish brown and intensely fractured, resulting in a
closely spaced fracture network (joint set). The fractures
trend generally in the NNE-SSW direction. The beds are
generally tilted with dip amounts ranging from 80 to 180
and varying dip directions towards NNE, SSW and NNW.
A well-developed exposure of the calcareous shale sub-
lithofacies is along the Asu-River in Umuezeochie, where
it extended laterally for about 35 m and consists of
alternations of "thin" fissile shale beds with relatively
"thick" moderately-indurated shale beds. The thin beds are
8-10 cm thick, while the moderately indurated shale beds
are 0.7-1 mthick.

The non-calcareous shale (F 1b) sub-lithofacies have been
grouped into two based on variation in colour, namely:
dark grey non-calcareous shales (F 1b-dg) and grey non-
calcareous shales (F 1b-g). The colour may also be
suggestive of organic matter enrichment and
environmental conditions during deposition. A good
representative of the dark grey non-calcareous shale (F
1h-dg) is at Nwowu. Here, it consists of alternations of
very thin (6-8 cm) moderately indurated micaceous dark
grey mudstones with about 20 cm thick fissile, dark grey
shale, having an overall thickness of approximately 2 m
(Fig. 4b). At some other locations, the dark grey non-
calcareous shales are well exposed, fractured but lack
bedding planes. The grey non—calcareous shales (F 1b-g)
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Figure 3: (a)-(c) Sedimentological Logs of various Outcrop Sections Mapped in the study area. (d) Lithofacies Map showing
the various Lithofacies (inset: geologic map (outcropping lithogies and litostratigraphic units)).
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in most places are weathered, appear grey to yellowish
brown, fissile and fractured. The representative section of
this sub-lithofacies occur at [huakpu, along Evu River.

Interpretation: The deposition of shales indicates
settling from suspension in a very low energy setting. The
dark grey shales (F 1a) and (F 1b-dg) indicate presence of
organic matter under reducing conditions. The
occurrence of calcareous shales (F 1a) suggests a shallow
marine environment, rich in marine life that have
calcareous shells and skeletons. These shells and

skeletons constitute calcareous materials from which
calcium carbonate is made available during burial and
dissolution by groundwater moving through the
sediment. The alternation of shale with mudstone at

Figure 4: (a) Dark grey, fissile calcareous shale
(b) Non-calcareous shale at Nnwowu showing
centimeter scale alternations of moderately
indurated mudstones with fissile shale.

Nwonwu suggests an alternation of periods of
quiescence in water, which allowed gradual settling of
the suspended clay-size particles in layers, thus forming
the shales and the rapid influx and deposition of silt-sized
particles alongside clay-size particles giving rise to the
mudstones.
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Heterolithic Shale-Siltstone Facies (F 2)

Description: This facies consists of repeated
interbedding of dark grey to greyish brown shales with
moderately to highly indurated grey to yellowish brown
siltstones. The shale bed thickness varies at different
locations with an average thickness of 0.5 m, while the
siltstone beds have an average thickness of 0.1 m. The
beds generally tilt at angles ranging between 80 and 120,
with beds oriented in the NNW-SSE direction, dipping
towards WSW. The exposed sections at Amanator, Ezza
and Uhuobia have occurrences of shale and siltstone
heterolithic units within a distinct shale-siltstone interbed
(Fig. 5). However, at Amanator, the heterolithic unit
overlies a 0.7 m thick wavy laminated siltstone. In
addition, the exposures at Amanator and Ezza comprise
subordinate (10-30 cm thick) greyish fine-grained,
fossiliferous limestone (Fig. 6). Body fossils observed are
sparse pelecypod shells.

Interpretation: The shale-siltstone interbed suggests an
overall low velocity regime with minute changes in
energy due to occasional sea-level fluctuations.
Heterolithic units could be the result of fluctuations in
sediment supply and tidal velocity. The wavy-laminated
siltstone just below the heterolithic unit at Amanator,
suggests wave influenced sediment just below the fair-
weather wave base, which are typical of lower shoreface.
The associated limestone beds with the succession of
siltstones with shales in the area may be due to periods of
low supply of terrigenous clastic detritus and availability
of calcium carbonate at that time. The body fossil
(pelecypod) present is indicative of marine environment
and broken shell fragments may be due to wave action.

Shale-Sandstone Facies (F 3)

Description: The shale-sandstone facies (F 3) comprises
interbeds of shale and sandstone. At Ezza, intensely
weathered yellowish-brown fissile shale (0.4 m thick) is
overlain by 0.3 m thick moderately indurated yellowish
brown, clayey, very fine-grained sandstone, which is also
overlain by 0.2 m thick highly indurated yellowish brown
fine-grained sandstone, with intensely fractured bed top
forming a dense fracture network, oriented essentially
ENE-WSW and ESE-WNW directions. The shale-
sandstone facies (F 3) also occurs as 2.2 m thick interbeds
of grey to yellowish brown, moderately indurated, wavy
laminated silty-shales with indurated fine-grained
micaceous sandstones at Umuezeochie. The silty-shales
are about 40 cm thick, while the sandstones are 20 cm
thick (Fig. 6b). Notable among the exposures at Amagu, is
a very low outcrop section comprising 0.4 m thick fine-
grained, parallel laminated, fossiliferous sandstone
overlying 0.3 m thick greyish brown, fissile shale (Fig.
6¢). The trace fossils include intense bioturbation of bird-
foot like trace of Chondrites at the top of the ﬁne-graing((l)
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Figure 5: Exposed sections at (a) Amanator, (¢) Ezza and (d) Uhuobia showing shale and siltstone heterolithic units,
shale-siltstone interbed and limestone. NB: (b) zoomed in view of part of (a).

unit, and sub-horizontal to horizontal Planolites burrows
of moderate to severe bioturbation intensity (Fig. 6¢c-d).
Additionally, a pronounced exposure was also mapped at
same location, comprising a 30 m laterally extensive (30
cm thick) highly indurated, yellowish-brown, fine-grained
micaceous sandstone overlain by a shaly overburden of
about 1 m thick. The sandstone has subtle internal parallel
laminations and intensively fractured, with trends mainly
in the ESE-WNW direction. The beds of the shale-
sandstone facies (FA 3) generally dip WNW direction at
angle ranging from 100 to 220 with strike in the NNE-
SSW direction.

Interpretation: The wavy laminations on the silty-shales
may have formed from movement of sediment as bedload
by traction (or wave) currents at the onset of high velocity.
The shale-sandstone succession at Umuezeochie suggests
oscillations between low and high energy. The Cruziana
ichnofacies are represented in nearshore marine and
coastal environments (Pemberton et al., 1992). This
ichnofacies association (Chondrites and Planolites)
suggests a shelf area (sublittoral) environment where
current action is less intense (Roy, 1978). The increasing
grain size (coarsening upward) of the section at Ezza
indicates increase in energy.

Sandstone Facies (FA 4)

Description: This facies consists of fine-grained,
yellowish brown sandstones. They are intensely
weathered and slightly indurated. Thickness vary from 1.5
m (with about 2 m thick overburden) at Ouduma to about
1.3 m at Iruka. The beds at [ruka are gently tilted at angles
of 100, while those at Ouduma are steeply dipping at
angles of 420 with strike in the ENE-WSW direction and
dipping NNW.

Interpretation: The fine-grained sandstones indicate
moderate energy environment. Sediment influx may have
been as a result of wave action. The lack of sedimentary
structures may be due to intense weathering of this unit or
probably due to rapid deposition with less time to develop
structures (Nichols, 2009).

Biofacies Analysis

The observed trace and body fossils contained in the rocks
of the study area were analyzed, systematically grouped
and described.

The trace fossils which occurred on fine-grained
sandstone at Amagu are grouped ethologically as
fodinichnia (sediment processor). Fodinichnia (deposit-
feeding burrows) include the combined activities gi’
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Figure 6: (a) Outcrop section at Umuezeochie showing alternations of fine-grained sandstone with wavy laminated silty
shales. (b) zoomed in view of part of (a). (¢) fossil trace: Planolites (d) fossil trace: Chondrites (e) Exposure at

Amagu showing fossiliferous fine-grained sandstone.

feeding and dwelling in sediments and involves the
systematic mining of sediments for food. The
maintenance of open burrows by these deposit-feeding
organisms that produce traces of fodinichnia is inferred as
enabling them to exploit the rich organic matter content
of the sediment while circulating dysoxic water through
the burrow for respiration (Martin, 2004). The trace
fossils observed belong to the ichnogenera, Chondrites
and Planolites, which belong to the Cruziana ichnofacies.
Intense bioturbation is common within the Cruziana
ichnofacies, and this may reflect abundance and
accessibility of food (Ekwenye et al., 2016).

6 selected shale samples from six different localities were
analyzed for body fossils (see Fig. 7 for sampled
locations and points where samples were taken). Of the 6
samples, 2 samples were barren one 1 sample yielded an
ostracod species (Clithrocytheridea senegali) and
gastropod Turritella and only 3 samples yielded
foraminiferal species indicating poor recovery. In spite of
this, some samples were relatively rich in some forms, but
quite depleted or near absent in others. In addition, the
relative sizes of the foraminiferal species vary from one
sample to another. There were also variations in
abundance. A total of twelve planktonic foraminiferal

species belonging to 4 genera were recovered. The
planktonic genera include Heterohelix, Whiteinella,
Hedbergella, and Guembelitria. A brief description of the
planktonic genera is presented in Table 2. The
foraminiferal species recovered include Guembelitria
cenomana, Guembelitria cretacea, Heterohelix
moremani, Heterohelix globulosa, Heterohelix reussi,
Hedbergella delrioensis, Hedbergella planispira,
Hedbergella simplex, Whiteinella archeocretacea,
Whiteinella baltica, Whiteinella aprica, and Whiteinella
inornata. The distribution and diversity of the
foraminiferal species within the fossiliferous analyzed
samples are shown in Table 3.

Systematic Ichnology of Trace Fossils
Ichnogenus: Chondrites
Type Ichnospecies: Chondrites isp (Fig. 6d)
Description: This is a root-like structure with dendritic
branching shafts and tunnels of uniform diameter ranging
from 0.1 to 0.4 cm and the branching angle is relatively
constant between 300 and 400. The burrows are generally
clay filled.
Ichnogenus: Planolites Nicholson, 1873
Type Ichnospecies: Planolites montanus Richter, 1937
(Fig. 6¢)
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Figure 7: Map showing outcrop locations, lithologs of the outcrops and points from where samples were collected for

micropalacontology analysis.

Description: This consists of unlined, smooth walled,
curved to straight cylindrical, unbranched burrows. The
burrow fill is structureless, dark coloured and different
from the host rock. Diameter of 3-5 mm and maximum
length of 10-20 cm.

Systematic Description of Foraminiferal Species
1. Genus: Guembelitria Cushman, 1933.

A. Type species: Guembelitria cenomana Keller, 1989
(Fig. 8)

Description: Test is free, small, triserial throughout.
Chambers are globular and inflated. Sutures are distinct
and depressed. Aperture is a low interiomarginal arch at
base of last chamber. Maximum height is 120 microns,
maximum width 40 microns.

Stratigraphic range: Middle Albian to Earliest Turonian
(Harteral., 1981)

B. Type species: Guembelitria cretacea Cushman, 1933
(Fig.8)

Description: Test is triserial, elongate and its surface
decorated with pore mounds. The species differs from G.
cenomana in having a higher apertural arch.
Stratigraphic range: Middle Albian to Earliest Turonian
(Hartetal., 1981)

2. Genus: Heterohelix Ehrenberg, 1843.

A. Type species: Heterohelix moremani Cushman, 1933
(Fig.8)

Description: Test is free, small, slender, consisting of 6-9
pairs of chambers, which are uninflated and very
gradually increasing in size. Test is also biserial and gently
tapering.

Aperture is a low interiomarginal arch formed at base of
last chamber, bordered by a narrow imperforate lip.
Maximum length is 120 microns, maximum width 50
microns.

Stratigraphic range: Middle Albian to Late Cenomanian
(Harteral, 1981).

B. Type species: Heterohelix globulosa Ehrenberg, 1978
(Fig.8)

Description: Test is free, small and biserial. Chambers
globular, increasing rapidly in size as added, and test
tapers towards base. Sutures distinct and depressed. Wall
smooth to finely striate. Aperture is a low arch on the inner
margin of the final chamber. Maximum length is 340
microns, width 200 microns.

Stratigraphic range: Cenomanian

C. Type species: Heterohelix reussi Cushman, 1933 (Fig.
9)
33
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Table 2: Brief description of the foraminifera genera recovered from the analysed sample.

Foraminifera
Genera

Description

Heterohelix
biserial throughout

Test either with a minute initial planispiral coil followed by a biserial stage, or

Whiteinella

It differs from Hedber gella in the presence of portici; from Archaeoglobigerina

in the absence of tegilla and absence of the wide imperforate peripheral band;
from Praeglobotruncana in the absence of imbricated pustules along the

peripheral margin. Whiteinella is a homeomorph of Globotruncanella but is

segregated because of the wide chronological gap that separates them.

Hedbergella

Its characters changed so slowly during the Cretaceous that only minor

morphological differences developed between H. delrioensis of Albian age and

H. holmdelensis

of Maastrichtian age. Hedbergella differs from Globuligerina

and Fausella by lack of a reticulate ornamentation; from Ticinella by the
absence of umbilical supplementary apertures and from Whiteinella by the

absence of portici.

Guembelitria

The very small (1500 — 200 microns), triserial test consists of globular chambers.

The walls are finely perforate, each pore is surrounded by a blunt cone
(sometimes there are two pores per cone).

Description: Test is free, small, biserial, tapering.
Chambers globular, rapidly increasing in size; sutures are
strongly depressed, giving subtriangular depressions
around central sutures. Wall slightly striate. Aperture is an
interiomarginal arch at base of last chamber. Maximum
length is 260 microns, maximum width 160 microns.
Distinguished from Heterohelix globulosa by the presence
of distinct triangular depressions between the chambers
and by being more compressed.

Stratigraphic range: Turonian to Santonian (Caron,
1985).

3.Genus: Hedbergella Bronniman and Brown, 1958

A. Type species: Hedbergella delrioensis Carsey, 1979
(Fig.9)

Description: Test is free, trochospiral, biconvex.
Equatorial periphery lobulate. Spiral side with 4- 6
chambers in final whorl, gradually increasing in size as
added, circular. Sutures are radial and depressed,
sometimes slightly curved. Umbilical side has 4-6
globular chambers. Chamber surfaces spinose and
papillate, except for the last chamber, which may be
smooth. Sutures are radial and depressed. Aperture is an
extraumbilical-umbilical arch extending to peripheral
margin, with spatulate lip. Umbilicus is narrow 1/6 to 1/5
of maximum diameter of the test. Maximum diameter up to
450 microns, maximum height 200 microns.

Stratigraphic range: Middle Aptian to Early Santonian
(Caron, 1985)

B. Type species: Hedbergella planispira Tappan, 1979
(Fig.9)

Description: Test is free, very low trochospiral, and
appears asymmetrical, with a flat spiral side. Equatorial
periphery lobulate with 6-8 chambers in final whorl, which
gradually increase in size as added. Sutures are radial and
depressed, chambers globular with smooth surface.
Umbilical side with 6-8 globular chambers with a smooth
surface. Sutures are radial and depressed. Umblicus 1/3
diameter of test. Primary aperture is extraurnbilical-
umbilical, extending to periphery, bordered by narrow Hp.
Maximum diameter is 21 0 microns, maximum height 80
microns.

Stratigraphic range: Albian to Turonian (Robaszynski
and Caron, 1979)

C. Type species: Hedbergella simplex Morrow, 1934
(Fig.9)

Description: The species shows great morphological
variability particularly in the degree of radial chamber
elongation in the last whorl. It is similar to H. flandrini,
from which it differs in the still stronger and more distinct
elongation of the last chamber.

Stratigraphic range: Late Cenomanian (Cushman,
1933).
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4.Genus: Whiteinella Pessagno et al, 1979
A. Type species: Whiteinella archaeocretacea Pessagno
etal, 1979 (Fig. 10)

Description: Test free, low trochospiral, chambers oval.
Spiral side, equatorial periphery lobulate, sutures
depressed, radial and curving forwards in the direction of
coiling between chambers. Chambers increase rapidly in
size as added and become elongate in the direction of
coiling. Umbilical side, 4-5 chambers, sutures radial,
depressed, straight, later curving forwards in the direction
of coiling. Umbilicus shallow and wide 1/4 tol13 of
diameter of test. Primary aperture extra-umbilical-
umbilical. Portici extending to center of umbilicus.
Peripheral border nearly imperforate. Maximum diameter
s 400 microns, maximum height 200 microns.

Stratigraphic range: Latest Cenomanian to Early

Coniacian (Robaszynski and Caron, 1979)

B. Type species: Whiteinella baltica Douglas and Rankin,
1979 (Fig. 10)

Description: Test is free, trochospiral, chambers are
circular. Equatorial periphery lobulate. Spiral side has 4- 5
chambers. It is globulose and rapidly increasing in size as
added. Umbilical side, 3 and a half'to 5 chambers, globose
and spinose. Sutures radial and depressed, umbilicus
narrow, less than 1/4 of test diameter. Primary aperture is
extraumbilical to umbilical bordered by porticus, covering
umbilicus. Maximum diameter up to 450 microns,
maximum height 200 microns.

Stratigraphic range: Albian

C. Type species: Whiteinella aprica Loeblich and

Table 3: Distribution and Diversity of Planktonic Foraminiferal Species within the samples analyzed for Microfossils

Planktonic foraminifera Sample locations

UEC/Mgbaleze/02  UEC/Umuezeochie/7  UEC/Umunama/24

Heterohelix reussi 28 15 9
Heterohelix globulosa 7 10 2
Heterohelix moremani 8 5 21
Hedbergella planispira 14 8 11
Hedbergella simplex 2 -
Hedbergella delrioensis - 19
Guembelitria cenomana - 21 25
Guem belitria cretacea - 5 3
Whiteinella archeocretacea 2 11 10
Whiteinella aprica - 2 -
Whiteinella baltica - 16
Whiteinella inornata - 1
Total species 73 79 117
Species diversity 9 9 10

Tappan, 1985 (Fig. 10)

Description: Test is free, low trochospiral consisting of
two whorls. Equatorial periphery lobulate. Spiral side 5-7
globulose chambers with pustulose surface, increasing
slowly in size as added, sutures radial and depressed.
Umbilical side, 5-7 globulose, pustulose chambers.
Sutures are radial and depressed, umbilicus shallow and
wide up to a 1/4 of the diameter of the test. Aperture is an
extraumbilical-umbilical extending towards the periphery,
bordered by a porticus. Distinguished from Whiteinella

brittonensis (Loeblich and Tappan, 1961) by its lower
trochospire and flaps in the umbilicus. Maximum diameter
500 microns, height 200 microns.

Stratigraphic range: Latest Cenomanian to Late
Turonian (Robaszynski and Caron, 1979)

D. Type species: Whiteinella inornata Bolli, 1957 (Fig.
10)

Description: V. inornata differs from W. archaeocretacea
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in the acute and imperforate peripheral margin.
Stratigraphic range: Early Turonian (Sigal, 1952)
Systematic Description of Gastropod Species

Family: TURRITELLIDAE Love'n, 1847

Genus: Turritella sensu lato Lamarck, 1799

Type species: Turritella seriatimgranulata Roemer, 1849

(Fig. 11)

Description: Shell is small, slender. Pleural angle narrow
(150). Protoconch and earliest juvenile whorls unknown.
Late-juvenile whorls (approximately 1.75 mm diameter)
with four (R, A, B, and C) nearly equal and squarish ribs,
interspaces deep and smooth and about same width as ribs.

Stratigraphic range: Late Aptian to Late Albian.
Morphological Description of Ostracod

The recovered species Clithrocytheridea senegali (Fig.
11) has a bean-shaped shell with curved anterior margin
and more broadly rounded posterior with rounded edges.
Its surface is smooth. This is comparable to the forms
recovered by Alexander, (2002).

Stratigraphic range: Turonian.
DISCUSSION

Age and Biostratigraphy

Foraminiferal analysis of the samples yielded four
planktonic foraminifera genera, of which Heterohelix
followed by Hedbergella are the most abundant, while
Whiteinella is scarce to common. Guembelitria is present
but less common (Tables 3). The foraminiferal abundance,
diversity and recovery was poor.

Whereas the Hedbergellids and Heterohelicids are long
ranging, the Whiteinellas and Guembelitirias are
relatively short ranged and have been used together with
Turritella to assign Middle-Aptian to Latest-Turonian to
the sediments (shales, siltstones, sandstones and
limestones) which constitute the lithostratigraphic units in
the study area. (Fig. 5). Ostracods are long ranging and
thus are not crucial for age dating; in fact, ostracod
assemblages in the Late Createceous and Early
Palacogene are similar, and their age is inferred by
planktonic foraminifera (Ashu et al., 2015). Whiteinella
aprica, and Whiteneilla archaeocretaca species have their
bases in the Late Cenomanian and range to Turonian.
According to Murray (1991); Robaszynski and Caron
(1995), the first occurrence of Whiteinella
archaeocretacea clearly marks the Early Turonian. Also
recorded in the Early Turonian is the Early Turonian
include Heterohelix pulchra and Heterohelix reussi
assemblage (Ehinola, 2010). In addition, the association
of Whiteinella inornata, Heterohelix globulosa and
Hedbergella planispira has been used to assign a Middle
Turonian age (Ehinola, 2010). Guembelitiria cenomana
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and Guembelitiria cretacea span from Mid- Albian to
Early Turonian.

Palaeoenvironmental Interpretation

Integrated data from lithofacies and biofacies analyses
were used in the palaeco-depositional environment
interpretation of the area. Based on the data, a gross lower
shelf-shoreface has been interpreted for the area.

Interpretations from lithofacies analysis have shown that
several factors controlled sedimentation, hence
controlling depositional environment during the times the
sediments were being deposited. Figure 13 shows a
conceptual block depositional model that displays the
spatial relationship of the lithofacies identified in the
study area. Continued rise in sea-level led to the
deposition of the shales, which is dominant across the
area. The grey non-calcareous shales (F 1b-g) sub-
lithofacies was deposited in a low energy, relatively low
oxygenated conditions, open marine shelf environment, in
water-depth probably less than 50 m (Gebhardt, 1997).
Nichols (2009) suggests that the formation of dark-grey
(or black) shales on shelves occurs provided the supply of
organic material is greater than the rate at which it can be
broken down. Some physical, biological and chemical
factors may have restricted calcareous biofauna to the
northern part of the area, thus making calcium carbonate
available during deposition. The shale-siltstone (F 2) and
shale-sandstone (F 3) interstratification within the area is
an indication of sediments deposited at various episodes
of relative sea level changes. Reading and Collinson
(1996) suggests that the interbedded siltstones and shales
indicate equal periods of suspension and bedload
deposition with bedload deposition increasing seaward.
The heterolithic facies (F 2) and (F 3) suggest storm
influenced sediment below the fair-weather wave base,
which are typical of lower shoreface (Simpson, 1954 and
Amajor, 1987). The Wave ripple laminations are storm
generated sedimentary structures formed below fair-
weather wave but are typical of lower shoreface sequences
(Walker and Plint, 1992). The associated limestone beds
with the heteheroliths in the area may be due to periods of
low supply of terrigenous clastic detritus and availability
of calcium carbonate at that time. The occurrence of
burrows of deposit feeders (Chondrites and Planolites)
further buttress the shelf-shoreface environment for the
sediments (Roy, 1978). The fine-grained sandstones
indicate moderate energy environment and sediment
influx may have been as a result of wave action.

The poor foraminiferal recovery may be attributed to poor
preservation due to long exposure to weathering or age of
the rocks and possibly depth of maximum burial. The
abundance and diversity of planktonic organisms is
controlled by the supply of nutrients and the surface
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G. cenomana

G. cretacea

H. moremani

H. globulosa

Figure 8: Recovered foraminiferal species from Samples analysed (left column). Type species of recovered foraminiferal and
their sources (left column) (image source database: microtax.org/pforams.

Hd. planispira

Figure 9: Recovered foraminiferal species from Samples analysed (left column). Type species of recovered foraminiferal
and their sources (left column) (image source database: microtax.org/pforams.
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Figure 10: Recovered foraminiferal species from Samples analysed (left column). Type species of recovered
foraminiferal and their sources (left column) (image sourcedatabase: microtax.org/pforams).

temperature of the water (Nichols, 2009). Thus, the low
abundance and diversity of planktonic foraminifera may
be suggestive of unfavourable environmental condition
and lack of nutrient supply at that time. Nichols (2009)
opined that shoreface environments usually have the most
diverse assemblages of benthic fauna and flora due to the
well-oxygenated conditions of the wave-agitated water
and the availability of light. This implies that overall
absence of benthic foraminiferal species in the samples
indicates anaerobic bottom water conditions and suggests
shallow marine (shoreface) setting.

Heterohelix and Guembelitria are associated with greater
depth zones, while species such as Whiteinella baltica is
restricted to shallow waters, a fact confirmed by isotopic
analysis (Hart, 1999). Guembelitria cretacea and
Hedbergella species are linked with warm humid climates,
low salinity, temperature and low oxygen conditions
(Boersma and Premoli-Silva, 1988; Keller, 1993;
Malarkodi et al., 2010). In line with this, Gebhardt (1997)
stated that the Turonian marine transgression in Southern
Benue Trough are accompanied by lower oxygen levels
and possibly, reduced salinities (Gebhardt, 1997). Recent
as well as fossil Turritellidae have been studied by stable

isotopes (Allmon ez al., 1992; Teusch et al., 2002). Recent
Turritellidae live in a wide range of environments, mainly
shallow infaunal or epifaunal, most commonly in waters
less than 100 m deep. They prefer normal marine
salinities.

Distribution patterns of Cretaceous planktonic
foraminifera are useful for palacodeposional environment
reconstructions, and may reflect temperature gradients of
the Cretaceous oceans and epicontinental seas (Berquist,
1969; Douglas, 1972). The absence of Rotaliporids can be
explained by the shallow water depth, low thermal
gradients, reduced water mass stratification and well
developed oxygen minimum zone (OMZ) (Caron and
Homewood, 1983; Leckie, 1987). During the Mid to Late
Cretaceous, Heterohelicids thrived in low oxygen marine
environments with well-developed oxygen minimum
zones (OMZ) (Hart and Ball, 1986; Resig, 1993). This
corroborates with the view of Odumodu and Mode (2014)
that Chondrites-making organisms is influenced more by
oxygen deficient conditions. He concluded that
Chondrites is reflective of environmental tolerance of
oxygen levels lower than any other ichnogenera. Thus, the
presence of Chondrites in a deposit indicates very low

38



Foraminiferal Analysis and Palaeoenvironmental Reconstruction

(c)

Figure 11: (a) Gastropod Turritella recovered from
analysed sample. (b) Sketch gastropod
showing names of important of some body
(¢) Ostracod Clithrocytheridea senegali.

oxygen levels (dysoxic conditions) in the interstitial
waters within the sediment at the site of burrow
emplacement (Bromley and Ekdale, 1984). Open-
burrow-fodinichnial traces are maintained by the
deposit- feeding organisms (Chondrites and Planolites)
to enable them exploit the rich organic matter content of
the sediment and at the same time circulating dysoxic
water through the burrow for respiration (Martin, 2004).
The presence of Planolites within the fine-sandstone
suggests reduced salinity, and stressful depositional
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Figure 12: Chart showing age ranges for recovered
planktonic foraminifera.

environment (Durogbitan, 2016). The ostracod species
recovered from the area might be more tolerant of reduced
oxygen and salt contents (Ehinola, 2010). The low
number of individuals and species or non-occurrence of
ostracod in the Abakaliki fold belt may be attributed to
marine anoxic/dysoxic conditions (Okosun, 1987; Fayose
and De Klasz, 1976).

In addition, stable isotope ranking indicates that all
Hedbergella species lived in surface or near-surface
waters (Price and Hart, 2002), as also indicated by
paleogeographic distribution and abundance patterns in
open ocean and shallow epeiric sea environments (Hart
and Bailey, 1979; Leckie, 1987; Hart, 1999).

Conceptual Depositional Model

Integrated lithofacies and biofacies analyses has provided
data for generation of a conceptual depositional model for
the study area (Fig. 13). The biofacies analysis has helped
to constrain the depositional environment to shallow
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Figure 13: (a) Sedimentological log showing the stacked pattern and stratigraphic succession of lithofacies and fossil
assemblage across the study area. (b) Conceptual depositional model of the study area.
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marine, specifically the lower shoreface. Lithofacies
analysis have also provided useful data for interpreting
processes that were prevalent during sediment deposition
and their environments of deposition. To aid the generation
of'the model, some of the lithofacies were regrouped based
on pattern of deposition of sediment package and colour.
The shales lithofacies (F 1) and subordinate lithofacies F
la and F1b were regrouped into two, namely, dark-grey
shale (Sh-Dg) and grey shale (Sh-G). The heterolithic
shale-siltstone lithofacies (F 2) and the heterolithic shale-
sandstone lithofacies (F 3) were merged as one facies,
namely, shale-siltstone-fine sandstone (Sh-Slt-Fs) (Fig.
3).

The depositional sequence in the area began with the
deposition of dark-grey shales in a much distal part of the
lower shoreface (close to proximal offshore) in a quiet and
low energy setting. Alternating periods of moderate and
low energy brought in silts and fine sands that formed
interbeds and heteroliths with the shales which settled
from suspension in the water. A period of increased sea
level and low energy setting, but less organic matter,
resulted in the deposition of the grey shales in a much
shallower depth relative to the dark-grey shales. The low
organic matter content may be as a result of increased
unfavourable conditions (low saline, stressed and dysoxic
setting) for the organisms to thrive. This was followed by
an increased energy of the transport medium that resulted
in the deposition of the sandstones at the proximal lower
shoreface (close the lower/upper shoreface transition
area).

CONCLUSION

Detailed Geologic mapping and lithologic description of
outcrop sections in Amofu and the environs indicate that
the area is underlain by 4 lithofacies, namely, shale
lithofacies (F 1), heterolithic shale-siltstone lithofacies (F
2), heterolithic shale-sandstone lithofacies (F 3), and
sandstone lithofacies (F 4). Integrated lithofacies and
biofacies analyses provided evidence that the sediments in
the area were deposited in shallow marine environment,
particularly, the lower shoreface. Data from biofacies
further suggest low thermal gradients, reduced water mass
stratification, well developed oxygen minimum zone
(OMZ), low to normal salinity, low temperature, warm
humid climates and bathymetry less than 100 m deep. The
beds essentially strike NNE-SSW with dip direction NNW
and average dip amount of 200

Based on the fossil assemblage of Whiteinella,
Guembelitiria, and gastropod Turritella, the rocks in the
study area have been assigned Mid-Aptian to Late
Turonian.
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