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Abstract:

Stratigraphic analysis and correlation of thirteen measured outcrop sections confirms that the Nkporo Group includes a
major sandstone interval (the Oweli Sandstone) that is encased by two distinct mud rock intervals: a basal fossiliferous
shale and limestone that correlates with the shallow shelf Nkporo Formation and a coal-bearing mud rock that
correlates with the coastal plain Enugu Shale. Lithofacies and environmental analysis reveals that the Oweli Sandstone
contains two depositional facies: a basal, fine-medium grained delta front facies and an overlying medium-coarse-
grained, tidally-influenced fluvial channel facies. Down-dip sequence stratigraphic correlation of the stratigraphic units
and depositional environments reveals a gradational transition from the underlying shallow shelf facies of the Nkporo
Formation to the distal delta front facies of the Oweli Sandstone. The contact is defined by the 76Ma maximum flooding
surface that records the onset of the Oweli clastic influx into the Campanian Sea. The Oweli delta front facies is truncated
at the top by the 75 Ma unconformity surfaces over which the tidally-influenced fluvial channel facies of the sand body
accumulated. The contact between the tidally-influenced fluvial facies and the overlying coal-bearing mud rocks of the
Enugu Shale is sharp and represented by a transgressive surface of erosion (TSE). Analysis of trends in thickness and
facies changes reveals that the Oweli Sandstone exhibits a general proximal-fluviatile and distal-marine character. These
new findings should serve as useful information toward the better understanding of the stratigraphic architecture of the
Nkporo Group in south-eastern Nigeria.
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1. Introduction

1.1. Background to Study

The post-Santonian Nkporo Group of south-eastern Nigeria includes the Nkporo Shale, the Oweli/Afikpo
Sandstone and the Enugu Shale (Reyment 1965; Obi et al. 2001; Onuigbo and Okoro 2014). The exact stratigraphic
position and age of the Oweli Sandstone within the Nkporo Group, has been a matter of controversy. Grove (1951),
Simpson (1952), and Reyment and Barber (1956) previously called the sand body “Awgu Sandstone”. Reyment (1965)
first described the Oweli sand body as “the sedimentary rock intervening between the deformed Coniacian-Santonian
Awgu Formation and the gently-dipping Campanian-Maastrichtian Enugu Shale in the Awgu area of Anambra basin”. Obi
(2000) and Obi et al. (2001) recognized the Oweli Sandstone as intervening between the Nkporo Shale and the Enugu
Shale. Others (e.g., Akande et. al. 2011; Odumoso et al. 2013; Nwajide 2013; Onuigbo and Okoro 2014) described the
sandstone as being laterally equivalent to the Nkporo Shale and Enugu Shale.

Reyment (1965) assigned Campanian-Maastrichtian age to the Oweli Sandstone and this remained widely
adopted until recently when mix-ups in the age showed up in the print media. Obi (2000), Obi et al. (2001) and Nwajide
(2013) proposed Campanian age for the sand body, while Tavershima (2011) quoted Maastrichtian age. This paper aims at
resolving these controversies especially at this time when the Nigerian Stratigraphic Commission is reviewing the
stratigraphic framework for Nigeria.

1.2.Study Area and Accessibility

This paper is based on detailed outcrop descriptions carried out along the scarp slope of the Enugu Cuesta in the
Ihe-Awgu axis of south-eastern Nigeria (Fig. 1). The study focused on the region for the following reasons: (i) The angular
unconformity that separates the deformed pre-Santonian succession from the overlying relatively un-deformed post-
Santonian succession (Anambra Basin-fill) outcrops in the region (Nwajide and Reijers 1996; Obi 2000; Obi and Okogbue
2004); (i) The scarp face of the Enugu Cuesta (Obi et al. 2001) in this region presents readily accessible exposures that
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contain the complete stratigraphic profile of the Nkporo Group; (iii) In this region also, the Enugu-Port Harcourt
expressway closely tracks the scarp-foot of the Cuesta and enhances easy access to the outcrops (Fig. 1).

2. Literature Review

2.1.Regional Stratigraphic Setting

The evolution of the stratigraphic nomenclature for south-eastern Nigeria has been summarized by Obi (2000;
Table 1). Tattam (1944) first recognized seven lithostratigraphic units in the region namely, the Cross River and Benue
Shale, the Awgu Sandstone and Shale, the Nkporo Shale, Lower Coal Measure, False-bedded Sandstone, the Upper Coal
Measure, and the Imo Clay Shale (Table 1). Later modification by Simpson (1954) led to the subdivision of the Cross River
and Benue Shale into the Asu River Series, and the Ezeaku Shale; the Awgu Sandstone and Shale became known as the
Awgu-Ndeaboh Shale, while the Nkporo Shale was renamed the Asata-Nkporo Shale (Table 1). A major modification in the
nomenclature was introduced by Reyment (1965). In this scheme the Asu River Series was changed to Asu River Group,
and dated Albian; the Ezeaku Shale was re-named Ezeaku Group and dated Turonian; and the Awgu-Ndeaboh Shale
became known as Awgu Group (including the Agbani Sandstone) and dated Coniacian.
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Figurel: Topographic Map of the Ihe-Awgu Area of South-Eastern Nigeria,
The Crest Line of the Enugu Cuesta Is Approximated by the
Dotted Line (Modified after the NGSA 2017)

Age Tattam (1944) Simpson (1954) Reyment (1965)
Paleocene Imo Clay Shale Imo Formation Imo Formation
Upper Coal Measure Upper Coal Measure Nsukka Formation
Maastrichtian False-Bedded Sandstone | False Bedded Sandstone Ajali Sandstone
Lower Coal Measure Lower Coal Measure Mamu Formation
Campanian Nkporo Shales Asata-NKkporo Shales Nkporo Group (Nkporo
Shale/Oweli
Sandstone/Enugu Sale
Coniacian Awgu Sandstone and Awgu-Ndiaboh Shales Awgu Group (Awgu
Shale Formation/Agbani Sandstone
Turonian Cross River and Benue Ezeaku Shale Ezeaku Group (Ezeaku
Cenomanian Shales Formation/Amaseri
Sandstone
Albian Asu River Series Asu River Group

Table 1: Summary of the Evolution of Stratigraphic Nomenclature in SE Nigeria (Obi, 2000)

Similarly, the Asata-Nkporo Shale was renamed Nkporo Group and dated Campanian-Maastrichtian, with the
Nkporo Shale, Oweli/Afikpo Sandstone and Enugu Shale as members (Table 1).

In the Tattam’s (1944) and Simpson’s (1954) nomenclatures (Table 1), the Maastrichtian was represented by the
Lower Coal Measures, False-bedded Sandstone and the Upper Coal Measures, until Reyment’s (1965) modifications
introduced the names Mamu Formation, Ajali Sandstone and Nsukka Formation (Maastrichtian-Danian), for the Lower
Coal Measures, False-bedded Sandstone and the Upper Coal Measures respectively.
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The Campanian-Maastrichtian sedimentation in southeastern Nigeria was terminated by the global Danian Extinction
event that gave way to the accumulation of marine shale and sandstones of the Imo Formation (Paleocene) and the Eocene

Ameki Formation (Reyment 1965).

3. Data and Method

Field description of outcrops was performed along three traverse routes (Fig. 2). A total of thirteen exposures
were described and backed-up with logs of four Geological Survey of Nigeria boreholes located at Ihe, Ogugu and Awgu
(Fig. 2). Detailed attention was paid to lateral and vertical distribution of lithofacies types, contact relations, textural
characteristics, spatial distribution of sedimentary structure, as well as structural relationships of the various lithologic
units.

Lithologic contacts were inferred based on abrupt change in lithology and soil color, change in slope and change in
vegetation. The lateral extent of the key stratigraphic surfaces that bound genetically related strata were

Legend

= EXpress way

== Minor roads

“™ Drainage line
Contours

7 y _ ) U Major towns/Outcrop locality

0 N , {f == =Traverse lings

Figure 2: The Study Area Showing Down-Dip Traverse Routes (Lines A-E, H-F, & 1-K),
Key Outcrop Localities are Numbered (A=Ogbaku, B=Agbaogugu Junction,
C=lhe Road, D= Umuogba, E=lhe, F=Amoli, G-H=0Ogugu, I=Awgu Road,
J=Awgu, K=Awgu-Nmaku Road)

Delineated across the study area. The method of facies analysis as described by Anderton (1985) was followed to
provide basis for environmental interpretation. Down-dip sequence stratigraphic correlation of stratigraphic units was
adopted to determine the lateral extent/distribution of the facies and to establish the position of the Oweli Sandstone
within the regional chronostratigraphic framework.

4. Results

4.1 Lithologic Units and Facies Associations
Figure 3 shows the correlation of key outcrops described in the study area. Four major lithologic units are
identified. In stratigraphic order these include (i) bioturbated conglomerates (ii) fossiliferous mud rock (iii) cross-bedded

sandstone and (iv) coaly heteroliths.
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Figure 3:" Down-Dip Correlation of Key Outcrops in the IThe-Awgu Area, Note the Wedge-Shaped
Geometry of the Owelli Sandstoneg, the Fluviatile Facies is Better Developed up-Dip,
While down-Dip Shows Apparent Improvement in the Marine Facies Development

4.1.1. Unit I-Bioturbated Conglomerates
This unit is represented by strongly ferruginized, pebbly-coarse grained, bioturbated sandstone characterized by

the Skolithos and Ophiomorpha (Fig. 4).

The unit was encountered only at Ogbaku and Awgu (Fig. 2), where attitude measurements reveal strata dip
values in excess of 20° to the southwest, thus indicating structural deformation. The presence of Skolithos and
Ophiomorpha (the Glossifungites ichnofacies association) in this coarse-grained sandstone facies aids in its identification
as a coastal plain deposit (Pemberton et al. 1992). Obi (2000) had earlier interpreted the rocks to be of fluvio-deltaic origin
based on the gross sedimentary characteristics.

4.1.2. Unit lI-Fossiliferous Mud Rock

The outcrop belt of Unit Il extends from south of Awgu, to Ogugu and Ogbaku (Fig. 2), where the unit
unconformably overlies Unit I. Northwards the unit hardly outcrops on the surface. This dominantly muddy unit is
divisible into two facies associations (i) a basal shale-limestone facies association composed of black carbonaceous shale
inter-bedded with grey to milky-white, sharp-based micritic

limestone (Fig. 5) containing abundant marine bivalve shells (Obi 2000); and (ii) an overlying mud-rich
heterolithic facies association composed of inter-laminated thin lenses of fossiliferous, fine grained sandstone,
siltstone and mudstone. The association of limestone, black shale and mud-rich heteroliths containing marine fossils,
strongly indicates shallow shelf origin for Unit Il (Friedman et al. 1992).

Figure 4 Sections of the Bioturbated Conglomerates at Ogbaku
Showing (A-) Skolithos and (B) Ophiomorpha
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Figure 5: Fossiliferous Shale (Sh) and Limestone (Ls) at lyi-Amaokpa River, Ogugu

4.1.3. Unit 111-Cross-Bedded Sandstone

This unit maintains a transitional contact with the underlying shallow marine heteroliths and consists of three
facies associations: (i) a basal, sand-rich heterolith association characterized by thickening and coarsening upward motif,
wave ripple-lamination and containing Teichichnus (ii), a sharp-based, fine-medium grained, micaceous and fossiliferous
hummocky-cross stratified sandstone facies association (Fig. 6), and (iii) medium-coarse grained sandstone facies
association containing bi-directional (NE-SW), planar tabular cross-beds, reactivation surfaces, gutter casts, and mud
drapes. Ophiomorpha, and Paleophycus (Fig. 7) are commonly associated with facies associations (ii) and (iii).
Based on the stratigraphic position (Unit Il overlies shallow shelf mudstone of Unit I1), the overall thickening/coarsening
upward motif and the presence of the Skolithos ichnofacies, unit Il is recognized as a fluvio-deltaic deposit. Facies
associations (i) & (ii)) containing wave-generated sedimentary structures, bivalves and Teichichnus, represent the delta
front, while facies association (iii) containing tide-generated structures associated with the Ophiomorpha, Paleophycus
and the Skolithos, is interpreted as delta plain deposit, based on the deltaic model as described by Coleman and Prior
(1982), Bhattacharya and Walker (1992) and Friedman et al. 1992; Fig. 8). The parallel-laminated sand-rich heterolith and
the hummocky cross-stratified, very-fine grained sandstone which succeeded the muddy shelf facies probably record the
onset of terrigenous influx into the quiet shelf environment (Walker and Plint 1992). The change from parallel
laminated/hummocky cross-stratified facies, to a succession of wave-ripple laminated, fine-medium grained , micaceous
and fossiliferous

LIS SRR

Figure 6: Details of Unit lii at Awgu the Researcher Points at the Sharp Contact
Between the Basal Part of Unit lii (Facies Association I) and the Overlying Hummocky-Cross
Stratified Sandstone (Facies Association Ii)
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Figure 7: A Section of the Cross-Bedded Sandstone Facies Association at
Ogbaku Showing Bi-Directional Cross Bed (A), Ophiomorpha
Verticalis (B) and Paleophycus

Sandstone and siltstone, containing Teichichnus, Skolithos and Ophiomorpha is consistent with the distal-
proximal delta front transition (McCubbin 1982). Facies association (iii) represents flood-generated sediment influx
probably from a river-distributary mouth. Ophiomorpha burrows are known to occur mainly in open ocean beaches of
barrier island/spit complex, and tidal channel bars (Coleman and Prior 1982; DeWindt 1974; Howard et al. 1973). The
Ophiomorpha observed in this facies, therefore, reinforces its identification as a tidal channel deposit. The superposition of
tidal channel deposit on delta front facies reflects a regressive depositional system.
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Figure 8: The Owelli Sandstone Interpreted on the Deltaic Model of Flint and Sanders
(1992). Note the Close Match among the Sub-Environments

4.1.4. Unit IV-Coaly Heteroliths

This unit is separated from the tidal channel deposit at the top of unit Ill, by a thin lateritic crust. Two facies
associations, Mud-rich heteroliths and Sand-rich heteroliths are identified in the unit.

Mud-rich heteroliths are composed of gray-black carbonaceous, sideritic/gypsiferous shale and thin units of
sharp-based, wave-ripple, laminated/lenticular bedded siltstone. This interval locally contains thin coal seams.
Sand-rich heteroliths are characterized by wave-ripple lamination and lenticular bedding, as well as planar-tabular cross
bed and tide-generated sedimentary structures including herringbone structures, mud drapes, flaser bedding, and
reactivation surfaces. Leaf imprints occur in places. The contact with the underlying mud-rich heteroliths is strongly
bioturbated and dominated by Arenicolites, Thalassinoides and Planolites.

Based on the fact that Unit IV succeeds tidal channel facies, the dominance of mudstone and sand-rich heteroliths
and association with the sedimentary characteristics outlined above, these rocks are recognized as low-energy marginal
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marine deposits. The basal mud-rich heteroliths is interpreted on the model of Dalrymple (1992) to represent the tidal flat
facies, while the overlying sand-rich heteroliths represents the tidal channel facies. The overall coarsening-upward trend
of Unit IV is consistent with a regressive shelf setting (Dalrymple (1992).

The gross sedimentary characteristics of the four lithologic units are summarized in Table 2.

Unit Characteristics
Thick interval of rhythmically inter-bedded with siltstones/very fine-grained sandstones and
\% mudstone; includes coal seams at the upper horizons.

11 Fine-medium grained sandstones that is prominently cross-bedded, exhibits wave-generated
structures at the base, and tide/current-generated sedimentary structures toward the top
I Micaceous black shale, sharp-based shelly limestone and fossiliferous heteroliths, rests
unconformably upon Unit I.

| Bioturbated pebbly-coarse grained sandstone, strata dip> 20 degrees

Table 2: Summary of the Sedimentary Characteristics of the Lithologic Units in the Ihe-Awgu Area

4.2. Stratigraphic Correlation

To establish the stratigraphic position of the Oweli Sandstone in time and space, the succession established in this
study was correlated to the existing stratigraphic framework for the Anambra basins as provided by Nwajide (2005) and
Odunze and Obi (2013; Figure 9). At the base of the succession is the tilted unit | over which the shallow shelf facies of

Unit 11 rests unconformably. The later maintains a gradational contact with the overlying fluvio-deltaic sandstone of Unit
111 which in turn is sharply overlain by the coaly Unit IV.
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Figure 9: Stratigraphic Succession in South-Eastern Nigeria (Nwajide 2005)

The Campanian-Maastrichtian Nkporo Group in the Anambra basin is known to overlie the Coniacian-Santonian
Awgu Sandstone in the study area, with an angular unconformity (Petters 1978; Obi 2000; Nwajide 2013). In addition to
the Oweli Sandstone, Nkporo Group is generally accepted to include two muddy members: (i) the marinel Nkporo Shale
composed of dark grey, shale and heteroliths and (ii) the coal-bearing Enugu Shale (Agagu et al.; Obi 2000; Odunze and Obi
2013).

The high average dip value of Unit | facilitates its identification as part of the deformed pre-Campanian succession
in this region. The stratigraphy and gross sedimentary characteristics of Units |1, 11l and IV aid their easy identification as
components of the Nkporo Group. The dominantly sandy Unit Il which is encased by the muddy units Il and IV correlates
with the Oweli Sandstone, while Units Il and IV represent the Nkporo Shale, and the Enugu Shale respectively.
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5. Discussion

5.1. Contact Relations of the Oweli Sandstone

The present study has shown that the Nkporo Shale grades upward from the mainly black micaceous and
fossiliferous marine shale and limestone into micaceous and fossiliferous mud-rich heteroliths. The contact between the
mud-rich heteroliths and the overlying sand-rich distal delta front facies is here regarded as the base of the Oweli
Sandstone in this region. The top of the Oweli Sandstone is marked by a sharp transition from channelized, medium-coarse
grained, tidally-influenced fluvial channel sandstone, to mud-rich gypsiferous and coaly heterolithic facies. The coaly
heterolithic unit which directly rests on a transgressive surface of erosion (TSE) is here interpreted to represent the basal
beds of the Enugu Shale.

5.2. Sand Body Geometry

Table 3 summarizes the basin-ward trend in the thicknesses of the Oweli Sandstone in the study area. The
Cumulative thickness of the sand body varies from over 40m in the up-dip area of Umuogba where it is dominated by
medium-coarse grained tidally-influenced fluvial channel sandstone, to about 30m in the down-dip area of Awgu. South of
Awgu the Oweli Sandstone is dominated by fine grained distal delta front sandstone and heteroliths that inter-finger with
shallow shelf mudstone (Obi, 2000; Figure 3). Figure 3 illustrates the
apparent wedge-shaped geometry.

Locality Umuogba Ogbaku Ogugu Awgu
Delta plain 40 325 12 10
Delta front - 10 17 20

Total >40 425 39 30

Table 3: Proximal-Distal Facies Distribution within the Oweli Sand Body in the Umuogba
Leru Axis. Note the Proximal Fluviatile -Distal Marine Character of the Facies, the Wedge-Shaped
Geometry is indicated by the Basinward Trend in the Total Thickness of the Sand (Figure 3)

5.3. Stratigraphic Position and Age

Results of ammonite biostratigraphic analysis (Zaborski 1983) and sequence stratigraphic analysis (Obi 2000; Obi
and Okogbue 2004; Odunze and Obi 2013) provide useful insights into the stratigraphic position and age of the Oweli
Sandstone. Zaborski (1983) established that the base of the Group is not older than 78Ma (Mid-Campanian). Obi (2000)
established 77.5Ma (Mid-Campanian) age for the type-one unconformity separating the Nkporo Group from the Obi and
Okogbue, (2004) and Odunze and Obi (2013) located the 75Ma sequence boundary toward the top of the Oweli sand body.
In the present study, the 75Ma surface is identified where the coarse-grained tidally-influenced fluvial channel deposit
overlies coarsening-upward fine-medium grained delta front sandstone (Figure 3). The fluvial channel deposit is
truncated above by a transgressive surface of erosion (TSE) that defines the base of the Enugu Shale. This implies that the
Oweli Sandstone ranges in age from 76Ma to slightly less than 75Ma (Upper Campanian; Table 4).

Formation Base Top Age
Enugu Shale <75Ma 73.5Ma
Oweli Sandstone 76Ma < 75Ma Upper Campanian
Nkporo Shale 77.5Ma 76Ma

Table 4: Chronostratigraphic Relations of the Oweli Sandstone

6. Summary and Conclusion

This study has shown that the Oweli Sandstone is essentially a coarsening-upward, very-fine to coarse grained,
fluvio-deltaic sandstone that accumulated in environments ranging from delta front to tidally-influenced fluvial channels.
The sand body exhibits a wedge-shaped geometry and a proximal fluviatile-distal marine character. The stratigraphic
correlation presented in this study clearly shows that the components of the Nkporo Group are not lateral equivalents as is
often erroneously held by some previous workers. The Oweli Sandstone is younger than the Nkporo Shale and older than
the Enugu Shale. The contact between the Oweli Sandstone and the underlying Nkporo Shale is marked by a transition
from the mainly black micaceous and fossiliferous marine shale and limestone, to micaceous and fossiliferous sand-rich,
distal delta front heteroliths. This contact defines the 76.0Ma (upper Campanian) maximum flooding surface which, most
probably, documented the onset of clastic influx into the Nkporo sea during the upper Campanian. The contact with the
overlying Enugu Shale is sharp and defined by the transgressive surface of erosion immediately following the 75Ma (upper
Campanian) sequence boundary. The study has also confirmed that the Oweli Sandstone is an upper Campanian deposit.
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