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Abstract

The late Campaniamiddle Maastrichtian (upper Cretaceous) Mamu Formation is very
important in the geological development of the Nigerian sector of theAffesin Rift System
(WARS), as it provides supporting evidence for the Maa#ian reestablishmentf the
TransSaharan Seaway (Tethgouth Atlantic Ocean connection). In addition to providing
useful insight into the prevailing paleoceanographic condition of the -Baharan Seaway,

as well as identifying source regions thaticibuted detritus into the Anambra Basin (southern
TransSaharan Seaway), a strong impetus for this study is its economic potential. The Mamu
Formation holds the largest coal reserves in Nigeria. In addition, it is prospective for secondary
enrichment oPb, Zn, Sn and W (as observed in this study), and a potential hydrocarbon source
rock in southern Nigeria. Furthermore, an integration of interdisciplinary tools involving
sedimentology, geochemistry (bulk asthbleisotope), mineralogy as well as palyacies,

which was employed in this study, affords us an opportunity to understand the scales of

variability in the dark mudstone lithofacies.

In the western segment of the Anambra Basin, seven lithofacies were identified and grouped
into central basin, mah, bay, barrier, beach, and washover fan facies association as well as
meandering fluviatidal channel facies association. The facies associations suggest a tidally
influenced wave dominated estuarine paleoenvironment. In addition, mineralogical and
palynofacies characterization, as well as microfabric analysis reveal the heterogeneous nature
of the dark mudstone lithofacies, which vary from a proximal lower salinity and quartz rich
marsh and bay subenvironments with terrestrial organic matter (orgei@s @ and CD) to a

more distal higher salinity and clay rich central basin subenvironment with mixed terrestrial

marine organic matter (organic facies BC and C).
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Bottom water pale@xygenation condition was predominantly oxic. However, palynofacies
and microfabric evidences as well as inferences frorSH&C relationship suggests pyrite
formation occurred in at least two phases. The first phase of syngenetic to early diagenetic
pyrite formation, was due to bacterial sulphate reduction, whereas sec@atiadiagenetic)

pyrite growth which formed the bulk of pyrite preserved occuatedlater phase. In addition,

the Campandlaastrichtian units show a high degree of chemical alteration, textural and
mineralogical maturity attributable to prevailing nvahumid tropical condition as well as
detrital contribution from reworked pi®antonian units and silica rich igneous and

metamorphic rocks.

Furthermore, outcrop and well data show spatial geochemical variability of the Mamu
Formation, which is a consegpce of detrital contributions from three source regions with
clear evidence of mixing. These regions comprise of: a Pb, Zn, W rich and Nb, Ta, Sn poor
eastern provenance with Zn enriched over Pb (Pb/Zn <<1); a Nb, Ta, Sn rich and W poor
western region wih Pb enrichment over Zn (Pb/Zn >1); and a northern provenance region

enriched in Nb, Ta, Sn, and W with Zn enriched over Pb (Pb/Zn <1).



Zusammenfassung (German Abstract)

Die Mamu Formation (spates Campanium bis mittleres Maastrichtium; ®beide) bildet
zentrale Prozesse in der geologischen Entwicklung Nigerias ab, insbesondere in dem Bereich
des westlichen Afrikanischen Rift Systems. Unter anderem dokumentiert sie die Offnung der
TransSahara Meeresstral3e, welche eine Verbindung zwiscleemysT und Suditlantik
etablierte. Die Sedimente der Mamu Formation gewahren somit dezidierte Einblicke in die
paldogeographische Entwicklung dieses marinen Korridors. Zudem ermdglichen sie die
Identifizierung der Liefergebiete der klastischen Sedimentleotimpente des Anambra
Beckens, welches den sudlichen Teil der T+8akhara MeeresstraRe representiert. Die
Untersuchung der Mamu Formation erlaubt zudem eine Bewertung des ©6konomischen
Potentials ihrer Sedimente. So beinhaltet die Mamu Formation Nigena8teg
Kohlevorkommen und ist zudem Prospektionsziel fir Elemente wie Pb, Zn, Sn und W (wie in
dieser Arbeit dokumentiert). Im sidlichen Teil Nigerias stellen die Sedimente der Mamu
Formation ein wichtiges Muttergestein fir die Exploration von Kohlenwds$fedar. Die
vorliegende Arbeit basiert auf einem interdisziplinaren Arbeitsansatz, der Sedimentologie,
Geochemie, Mineralogie als auch Palynofazies mit dem Ziel kombiniert Entstehung,
Entwicklung und Variabilitat der vorwiegend dunklen tonigen Lithologiger Mamu

Formation verstehen.

Im westlichen Teil des Anambra Beckens konnten sieben Lithofaziestypen differenziert und in
zentrale Becken Marsch/KustensumpfBucht, Strandwall/Schwellen Strand, randmarine
Schwemmfachey und maandrierende Flulddenkanal Fazies gruppiert werden. Diese
Faziestypen konnen als ein weHdaminiertes Astuar interpretiert werden. Mineralogische
und palynologische Charakteristika in Verbindung mit Analysen des sedimentéren
Mikrogefiiges unterstreichen die heterogene Natler dunklen Tonsteine. Diese
dokumentieren proximale frischwasdmeinflusste, quareeiche Marsh und Bucht Bereiche
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mit Landpfanzenmaterial (Organofazies C und CD), als auch distale Bereiche, in denen
tonigere Lithologien unter hoherer Salinitat abgela wurden. In diesem Faziesbereich ist
zudem eine Mixtur aquatisestammigen und Landpflanzestdmmigen organischen Materials

zu dokumentieren (Organofazies BC und C).

Der Ablagerungsraum war vorwiegend gut durchliftet. Allerdings belegen Palynofazies,
sedimentéare Mikrotextur und F&TOC Daten eine verstéarkte Pyritbildung die in zwei Phasen
erfolgte. Eine erste syngenetische Pyritisierung erfolgte durch dissimilatorische
Sulfatreduktion, wobei eine zweite Phase auf-siiijenetische Prozesse zurlckzuéimhist.
Letztere kann als die Hauptphase der Pyritbildung angesehen werden. Zudem zeigen die
Lithologien Campandlaastrichtian Altes einen hohen Grad an chemischer Alteration, was
auf ein vorwiegend warmes und humides Klima schlieBen lasst. Detritisstienedi
Kompartimente stammen von p&antonischen Lithologien, als auch von silizieeichen

Magmatiten und Metamorphiten.

Daten aus Aufschliissen und Kernbohrungen dokumentieren eine hohe raumliche Variabilitat
der Mamu Formation, welche im Eintrag kiashen Materials und derer Mischung aus drei
unterschiedlichen Liefergebieten begrindet ist. Diese kénnen anhand ihrer chemischen
Signatur wie folgt differenziert werden: eine Pb, Zn, W reiche und Nb, Ta, Sn arme 6stliche
Provinz, mit einer Dominanz von Ziber Pb (Pb/Zn<<1); eine Nb, Ta, Sn reiche und W arme
westliche Provinz, mit einer Dominanz von Pb tber Zn (Pb/Zn>1); und eine noérdliche Provinz,
die eine Anreicherung von Nb, Ta, Sn, und W zeigt und zudem eine Dominanz von Zn tber Pb

(Pb/Zn <1) aufweis
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Introduction

Themulti-cycleBenue Tough is part of the West AfricdRift System whose initiation
is cogenetic with the early Cretacedmseakup prlase of the South Atlantic Ocealts
tectonostratigraphic evolution comprises of a rift phase (Neocomian to Coniacian), an
inversion phase (Santonia@) sag phase (Campanian to Daniam)l a passive margin phase
(Thanetian to RecentYhe postSantonian Anambra Basin belongs to the sag phase of the
Benue Trough evolution, and its basin fill comprises of the Nkporo Group, the Mamu

Formation and the Nsukka Formation in stratigraphic order.

The Mamu Formationwhich is the subject of this stydwas deposited in the late
Campanian to middle Maastrichtiage Apart from hosting vast coal resourcaad holding
potential for hydrocarbon generationWKLV WLPH LV DQ LPSRUWDQW SKDV
record as it provides ample evidence in suppf the reestablishment of the Tethy&outh

Atlantic Ocean connectionhé TransSahararseaway

A large proportion oprevious workfocused ormaterial fromthe eastern stion of
the Anambra Bsin. These studies mostly carried dut palynological investigation,
characterization of @ resources as well as evaluatiothaf hydrocarbon potential of the coal
and dark mudstone unit$his study wasonceived out of recommendations arising from a
preliminary investigation of the hydrocarbon potentiahe dark mudstone in the Benin flank
(western segment) that was carried out in 2015. The primary olgeatithis study is to
undertakea highresolutiondescription andccharacterization of the lithofacies units the
western margin for the first timend linking this to the centraglart of thebasinas well aghe
eastern flankThe outcome of this study has-@achingmplications on regional studies and
mineral resource exploration as it provides important information on the lithofacies ana organi

facies variability, sedim@ provenance, as well as padeanographic information of the



Maastrichtian Tran§aharan Seweay. Furthermore, the integrated approach employed in this
study provides insight on the scales of heterogeneity in mudstones aaswh driving

mechanisms. To guide this study, seven research questions were raised:

X What are the lithofacies types deposited in the western section of the Anambra Basin
during the CampanMaastrichtian age?

X What kind of paleoenvironment prevailed in thestern section of the Anambra Basin
during the CampanMaastrichtian age?

X What is the nature of organic facies preserved in the dark mudstone facies?

X What is the nature of the paleoxygenation and paleosalinity conditions that prevailed in
the western sdéion of the Anambra Basin at this time?

X Was there any spatial variability in the organic facies, palgmenation and
paleosalinity conditions?

X What were the dominant detrital source regions during the Canigaastrichtian
age?

X What is the nature dhese source areas?

Materials used for this study include 166 samples from four outcrops on the western
margin of the Anambra Basin. The outcrop sites (Fig. 2.4) ar®©kpekpeand Imiegba
locations,which represents the basainid sectionof the Mamu Famation;Uzebba location,
which represents the miduppersectionof the Mamu Formation, and Auchi location, which
represents the uppsectionof the Mamu Formation. In addition, 90 ditch cutting/ cores were
collected from Swells, two of which penetratigpre Santonian strat@ift sediments) The wells
include Owanl (located on the western segment); ldabnd Nzarrl (centrally located);

Amansiodel and Akukwall wells (located on the eastern segment) (Fig. 4.2). All the wells



drilled through the entirsection of the Mamu Formation, whereas only the Akukweell

drilled through the entire section of the {8antonian Awgu Group.

To achieve our objective, a methodology was formulated based on guidelines on study
of mudstones as detaileE\ 2 1% U L BIQt (@D@,Potter et al. (2005) and Lazar et al.

(2015). This methodology comprises of three core aspects, which include:

x Sedimentological and mineralogical characterization

o Particle size analysis (laser diffraction)

o X-ray diffraction and acid test

o microfabric analysis (thin section and hand specimen)
x Palynofacies characterization

o Palynofacies analysis
x Geochemical characterization

0 Major and trace element analysis (XRF and-IZ8)

o Carbon (TC, TOC and TIC), Nitrogen, Sulphur analysis

0 Isotope geochemistry*tCorg)

Furthermore, the study was carried out in two phases: phase one involves high
resolution description of outcrops as well as sedimentological, mineralqgatailofacies
and geochemical characterization of outcrop samples, while phase two entails geochemical
characterization of well samples\wasll asdata integration with data from phase one for a

broader outlook.

The resuls of this studyis presentedn five chaptersin chapter One, a regional
synthesis of mid to late Cretaceous tectonostratigraulution of Nigeria is presented. This
synthesis helps to situate the subject matter within a regional context as well as identify gaps

in literature, some of which this study sought to fill. This chapter is tifledview of the latest



Cenomanian to Mastrichtian geological evolution of Nigeria and its stratigraphic and

paleogeographic implications

Chapter Two details the results @ high-resolution description and characterization
of the lithofacies units in the western sectipnwhich was carried ly integrating
sedimentologal, mineralogcal, geochenual and palynofacies techniqué&sesults show that
these units were a product of a tidally influenced, wave dominated, estuarine depositional
setting. In addition, we could infer that the Camp&feastrichtian sediments were sourced
from felsic rocks under an extensional tectonic regiamel, had undergone a high degree of
chemical alteration. Ais Chapter is titled:CampaneMaastrichtian paleoenvironment,
paleotectonics and sediment provenance of western Anambra Basin, Nigeriapiditi

evidences from the Mamu Formation

In Chapter Three, it was sought to investigate the nature of organic matter preserved
in the Mamu Formation as well as the pateqygenation prevailing at this tim&his study,
which focused on the dark mudstone lithofacies identified two palynofacies groups: group A
(organic facies C and CD) dominated by terrestrial organic matter preserved in the marsh and
bay subenvironments and group @danic facies BC and)Gvith a mixture of marine and
terrestrial organic matter were preserved in these sediments under pgewadibottom water
condition. This chapter is titledNature of dispersed organic matter and paleoxygenation of
the Campanévaastrichtian dark mudstone unit, Benin flank, western Anambra Basin:

implications for Maastrichtian TranSaharan seaway paleoceagraphic conditions

At the tail end of this study, the scopasexpaneda bitfurtherby investigating the
spatial and temporal variability of source regions in @red postSantonian time. This was
achievedby integrating results of geochemical assessment of ditch cuttings from wells in the

wesern, central, and eastern parts of the Anambra Basin with our previously geroerateqh



data on the western margihhe results of this last phase is presemte@hapter Four. We
observed a clear distinction in the geochemical characteristics of the Mamu Formation in
comparison to the pr8antonian Awgu and Ez&ku groups, which is attributable to detrital
contribution for different source regions. There is alsoance for mixing of detritus from
source regions during the prand postSantonian as well as secondary enrichment of Pb, Sn
and W in the Mamu Formation. Chapter four is titl@ifferentiation of sediment source
regions in the Southern Benue Trough athmbra Basin: insights from major and trace

element geochemistry

In Chapter Five, we presers summary of the findings from this studyeal as future

outlook/recommendations for more research



Chapter One

A regional synthesis of mid to late Cretaceous tectonostratigraphic evolution of Nigeria

Published as:

Edegbai, A.J., Schwark, L., Obthkuenobe, F.E., 2019. A review of the latest Cenomanian to
Maastrichtian geological evolution of Nigeria and its stgaiiphic and paleogeographic

implications. J. Afr. Earth Sci. 150, 82837. https://doi.org/10.1016/j.jafrearsci.2018.10.007.

ABSTRACT

This contribution presents a comprehensive review of the Upper Cretaceous geological
evolution of Nigeria focusing on the Benue Trough and adjacent basins. It addresses the
controversies regarding potential pathways of ingression during transgressives pisd led

to the establishment of the TraBaharan seaway. An improved understanding of the
paleogeographic evolution is essential for assessing the economic potential of the region,
including the Upper Cretaceous petroleum system and coal depositsl| as groundwater

and mineral resources. Two transgressive episodes connected much of Nigeria's sedimentary
terrain in the Upper Cretaceous. The first transgression, which followed the opening of the
Equatorial Atlantic Ocean in midlbian times, estaidhed the TranSaharan seaway that
connected the Tethys and the South Atlantic oceans through an eastward route via the Benue
Trough in the Turonian. This resulted in widespread deposition of commercially exploited
marine limestone and clay deposits, audbordinate coal, with sediments possessing very
limited groundwater resource potential. This marine connection ceased with the cemiteent
Santonian inversion tectonics that led to folding, faulting, uplift, and intrusion of older strata.

A second trasgression, commencing in the Campanian, reestablished the-Sahasan
seaway through a westward Bida Basin route in the Maastrichtian, culminating in widespread,

mostly marginally marine conditions in the Sokoto, Bida, Anambra, and Benin basins as



confirmed in this review. The influx of marine waters from the Tethys Ocean, limited in extent
by the uplifted region of the southern Benue Trough brought about marginally marine
conditions in the Chad Basin and the northern and central Benue Trough. Widespread
deposition of coal, clay, ironstone, and good to prolific aquiferous units occurred during this

time.

1.0 Introduction

Nigeria is located between Latitude 4° and 14°N and Longitudes 3° and 15°E.{ffig
in West Africa An (almost) even proportion of basement and sedimentary rocks underlies its
landmass. The sedimentary rocks are contained within seven major sedimentary basins, most
of them initiated by the evolution of the West African Rift System (WARS) (Fairhead and
Binks, 1991; Binks and Fairheat92).The sedimentary succession ranges from the Lower
Cretaceous (Neocomian?) epoch (in the Benue Trough, the Benin, the Sokoto and the Bida
basins) to Recent (Niger Delta and Benin basins). The Cretaceous rocks thh¢ @58erof
1LJHULDYY ODQG DUHD LV VXEGLYLGHGdn@MarR(Ngae&niBAJ RD G F
to Coniacian), and the peStantonian (Campanian to Maastrichtian) (Agel, 1975). These
subgroups areseparated by a hiatus caused by the contiwetle inversion, whichwas
characterized by folding, faulting, intrusion, uplift and erosion during the SantonimaG

and Bosworth, 1997; El Hassan et 2017).

For over 50 years, there have been multiple reviews of the Upper Cretaceous
paleogeographyRr| 1LJHULD 7KHVH VWXGLHV EHJDQ LQ WKH TV

OXUDW .RJEH $GHOH\H SHWWHUV DQ
Reyment, 1980; Kogbe, 1980, 1981, Petters, 1982; Petters and Ekweozor, 1982; Zaborski
1983; Popoff et al., 1986; Adetunji and Kogbe, 1986; Reyment and Dingle, 1987; Ladipo,

1988; Benkhelil, 1989). There has been a decline in the publication of similar studies since the
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Fig. 1.1: Map of Nigeria showing areas underlain by sedimentary and basement rocks
(redrawn and modified from Benkhelil, 1989).

Palaeogeographical reconstructions of the African continentSbgtese (2014)
illustrate the need for a comprehensive reviewthaf latest Cenomanian to Maastrichtian
VWUDWLJUDSKLF GHYHORSPHQW RI 1LJHULDYV VHGLPHQW
therefore, is to bridge the almost-£€ar review hiatus notedave by revisiting all existing
ideas on the Upper Cretaceous stratigraphy and paleogeography of Nigeria, and address the

controversies surrounding the pathways of the transgressive episodes that led to the



establishment of the Trat®aharan seaway. Furth@®ore, we envisage that an improved
understanding of the paleogeography will allow for better assessment of Cretaceous petroleum

systems, and evaluation of groundwater and mineral resource potentials of Nigeria.
1.1  Geological Overview

This section brieflyreviews the latest Cenomanian to Maastrichtian geological

evolution of Nigeria.
1.1.1 Pre-Santonian geological evolution

Numerous lines of evidence indicate that the North, SaeumtCentralAtlantic did not
open coevally (Fairhead and Binks, 1991; Moulin et28l10). Thus, it is imperative to view
the preSantonian stratigraphic evolution of Nigerian sedimentary basins in terms of the pre
and postEquatorial (South) Atlantic Ocean formation. The Neocomian to early Albian
VXFFHVVLRQV 3FRQWLQRQEMDO LQWBURDOHDGUPHQWDWLRQ
ULIWLQJ LQ WKH :$56 ZKLFK LV FRQWHPSRUDQHRXV ZLWK V
Atlantic (Fairhead, 1988; Fairhead and Binks, 1991; Binks and Fairhead, 1992; Mouljn et al
2010). Reactivadn of preexisting faults and initiation of abundant narrow but isolated faults
induced alluvial depositional conditions characterized by conglomerates and coarse grit arkosic
sandstones (Fairhead and Binks, 1991; Binks and Fairhead, 1992; WithjacR@2). With
time, the individual faults enlarged and merged, ultimately resulting in increased subsidence
and accommodation creation outpacing sediment supply; these led to the deposition of limnic
and fluviodeltaic rocks (Fig1.2). The umamed pranid Albian strata in the Southeast
(central and southern Benue Trough), and the Bima, Gundumi, lllo and Ise formations in the
Northeast (northern Benue Trough and Bornu Basin), Northwest (Sokoto Basin) and Southwest

(Benin Basin) comprise this group (Kogli®81; Benkhelil, 1986; Coker and Ejedawe,1987;



Zaborski et al1997; Kaki et al. 2013; Sarki Yandoka et aD14; Dim et al 2016; Shettima

et al, 2018).

(GHJEDLYV XQ S XE.Q.BA/ K lddh&HemnDrlanK, léss than 200km from the
southern Bia subbasin,has revealed the presence of a highly indurated, poorly sorted cross
bedded arkosic sandstone outlier which is interpreted to b&agm®nian based on to its
similarity in mineralogy and texture to the Bima Formation. Olawoki et al (2048)yeported
the occurrencef medium to coarsgrained sandstone believed to be-Bentonian at Filelet
northwest of Lokoja. These findings suggests that the southern Bida Basin, which has similar
rocks as the Benin flank, was probably not emergenteasqusly thought and fluvideltaic

conditions persisted at this time.

EPOCH AGE(Ma) GLOBALSEA LEVEL GLOBAL TEMP. TECTONICS
CURVE
PALEOCENE DANIAN l—ﬂ: WARS pgst—nft sag phgse marine to mar-
66 o gh |ginal marine sedimentation
MAASTRICHTIAN
72.1
CAMPANIAN
83.6 :
LATE SANTONIAN Inversion
86.3 OAE 3
CONIACIAN
TURONIAN 69.8 WARS syn-rift (predominantly) marine

sedimentation and coeval oceanic crust
formation in the Equatorial Atlantic taking

93.9 OAE 2 BONARELLI EVENT

CENOMANIAN =
place simultaneously
100
ALBIAN
i B PAQUIER EVENT Opening of Equatorial Atlantic Ocean
APTIAN
EARLY o WARS early syn-rift continental to deltaic
sedimentation contemporaneous with the
BARREMIAN 200 100 0 P

opening of the South Atlantic Ocean

131 |*

e
Rise

Fig. 1.2: CretaceoustPaleogene tectonic evolution (adapted from Fairhead and Binks, 1991,
Binks and Fairhead, 1992; Skelton et al., 2003; Jenkyns, 2010; Bodin, et al., 2015). WARS =
West African Rift System; black arrow indicates sea level and temperatire ris

Following the opening of the Equatorial Atlantic Ocean (Moulin 28lL0), increased
basin subsidence and global sea level rise in the toidate Albian (Fig 1.2), marine

sedimentation commenced with the depositionsaindstone, limestone and thick mudrock

10



units of the AstRiver Group inclusive of the Awe, Awi and Mfamosing formations in the
Southeast (Uzuakpunwa Adeleye, 1975; Offodile, 1984; Benkhelil, 1989wajide, 2013,

Dim et al, ,Q WKH 6RXWKZHVW WKH 3$0ELDQ 6DQGVWRQ
deposition (Kaki et a|2013). This transgressive episode continued until the Coniacian age and

was marked by short spells of regression. Copiously ffessilis limestone, mudrock and
sandstone units of the E2&ku Group and the Awgu Group were deposited in the Southeast

(Benkhelil, 1989; Nwajide, 2013; Dim et.al DQG WKH $IRZR 37XURQLDQ

and Awgu formations in the Southwest (Kaki et al GT1$OPHLZD6)KAY 1210

Fig. 1.3. a,b. @itcrop and hand specimen of geantonian cross bedded arkosic sandstone
(coeval with the Bima, Gundumi and lllo formations) discovered in the Benin Flank, Anambra
basin

However, in the Northeastmarine sedimentation did not commence until the
Cenomanian (FigL.2) when the marine shale, limestone, and sandstone units of the Yolde and
lower Gongila formations were deposited (Figt) (Popoff et a] 1986; Nwajide, 2013; Shir
Yandoka et aJ 2017). As noted earlier for the Southeast and Southwest, marine deposition
persisted until the Turonia@oniacian when the amply fossiliferous facies of the Gongila,
Dukul, Numanha, Sekuliye, Jessu, Fika and Lamja formations were agpd@big 1.4)

(Adeleye, 1975; Benkhelil, 1989; Obaje, 2009). The vast amounts of fossils preserved

11



(especially the Cenomanidruronian interval) correspond to a time of global sea level rise,
contemporaneous with the development of oceanic andxihe Borarelli Oceanic Anoxic

Event 2 (OAE2, Fig 1.2; Petters and Ekweozor, 1982; Jenkyns, 2010). It is likely that the
Bida Basin was emergent at this time since there is apparently no recorésainpoaian rocks
(Nwajide, 2013; Ojo et al., 2016; Obaje, 200%here is also no record of Cenomanian
Coniacian strata in the Northwest. Further research is needed to determine if this absence is

due to erosion/nedeposition or nofiscovery.

1.1.2 Santonian (to Maastrichtian) inversion

Differential spreading rates of th@entral and South Atlantic Oceans during the
Santonian resulted in the reactivation of the-iithntic transform faults that extend into the
WARS. This led to a change from sinistral to dextral stslke motion along the reactivated
oceanic faults (Fdnead and Green, 1989), and consequently, contimigiet inversion
tectonics characterized by folding, faulting, intrusion, uplift and erosion és@néonian rocks
(Benkhelil and Robineau, 1983; Benkhelil, 198%ir&ud and Bosworth, 1997; Suleiman et
al,, 2017). The southern Benue Trough (Abakaliki area) experienced the most severe
deformation, and some studiesu{aud and Bosworth, 1997; Nwajide, 2013) have proposed

that the inversion tectonics probably lasted until the Maastrichtian in the Northeast.

1.1.3 PostSantonian geological evolution

Slow basin subsidence due to thermal relaxation (sag) resulted in the deposition of
sediments (Fairhead and Binks, 1991; Binks and Fairhead, 1992), which unconformably
overlie preSantonian sedimentary rocks. In the SokBasin, the sandstone, mudrock and
limestone facies of the Rima Group (Flg4) were deposited under marginal marine (tidal flat)
to shallow marine depositional conditions (Kogbe, 1981; Adetunji and Kogbe, 1986; Zaborski

and Morris, 1999). The Northed§ongola sufbasin) experienced estuarine conditions, which

12



deposited sand, mudrock, and thin ironstone and coal strata of the Gombe Formation (Suleiman
et al, 2017; Nwajide, 2013; Obaje, 2009). Prevailing marginal marine to marine conditions in
the Ananbra and Bida basins (which were active depocenters at this time), central Benue
Trough and the Benin Basin led to the deposition of sand, mudrock, ironstone, coal and
limestone units of the Nkporo Group, as well as the Mamu, the Ajali and the Nsukkadasmat

(in the Anambra Basin) the Lokoja, Bida, Patti, Sakpe, Patti, Enagi, Agbaja and Batati
formations (in the Bida Basin), the Araromi Formation (in the Benin Basin), as well as the

Lafia Formation in the central Benue Trough (Higt).
1.2 Latest Cenomanian to Maastrichtian stratigraphy

This section reviews the latest Cenomanian to Maastrichtian lithostratigraphic units of
the six Cretaceous sedimentary basins in Nigé&iig (.1, 1.4), beginning with the basins in
the northern part of theountry (Fig 1.4). While the review focuses on the rock types
comprising the formations, it should be noted that the original definition of these units noted
and was partially based on the types of fossils preserved (where present). An overview of the
pre-latest Cenomanian geologic and stratigraphic evolution has been provided (see section 1.1)

and will not be discussed in detail here.

1.2.1 Sokoto (lullemeden) Basin

The Sokoto Basin represents the Nigerian portion of the more extensive lullemeden
Basin (Fig 1.1), which covers an area of about 800,008 fkom Algeria to the North to Niger
in the East, and from Nigeria and the Republic of Benin in the South to Mali in the West
(Kogbe, 1981; Zaborski and Morris, 1999). This large interior sag basin (Kogbe, 1981;
Zaborski and Morris, 1999; and Nwajide, 2013) has an older interior fracture or rift component
LQ LWV D[LDO JRQHV %XVE\ DQG ,QJHUVROO .OHLQ

to have occurred in the late Jurassic, though this is not weditained yet (Wright et .al

13



1985). The Rima Group (Taloka, Dukamaje, Wurno formations) is Carddaasetrichtian in

age (Figsl.4, 1.5a).

1.2.1.1 Taloka Formation

The Taloka Formation unconformably overlies the-pamtonian Gundumi and lllo
formations (seeextion 1.1.1). Strata consist of weakly cemented-dgiregned sand and silt
interbedded with dark mudrock bearing lignite seams in some intervals (Kogbe, 1981). The
sand and silt are often thinly bedded, variegated, biotur§@pldiomorpha, Skolithognd
Thalassinoides and commonly display flaser, wavy and lenticular bedding. Kogbe (1981) has
reported fossilized remains of marine reptile parts also. The observed ichnofabric as well as the
remains of extinct marine reptiles and tidal structures have b&sth to interpret a lower
coastal plain /tidal flat depositional setting for the formation (Kogbe, 1981; Zaborski and
Morris, 1999). Whereas this review favors a tidal influenced shallow marine depositional

setting based on the lithological, paleontolagjend ichnological characteristics.

1.2.1.2 Dukamaje Formation

This formation is mainly shaly (which may be gypsiferous or carbonaceous), and
contains some shelly limestone beds rich in agglutinated foraminifera, bivalves, corals,
echinoderms, ammonitélsibyacocerassp.), and gastropods. In addition, bone beds of fish and
reptilian remains occur around its base (Kogbe, 1981; Zaborski and Morris, 1999). The
Dukamaje Formation has been interpreted as nearshore/shallow marine (Kogbe, 1981; Adetunji

and Kogbe, 1986Zaborski and Morris, 1999).

1.2.1.3 Wurno Formation

The lithofacies of the Wurno Formation is similar to that of the Taloka Formation,
described in section 1.2.1.1 (Kogbe, 1981; Adetunji and Kogbe, 1986). A tidal influenced

shallow marine depositional settingshiaeen inferred for the formation.

14



1.2.2. Bornu (Chad) Basin

The Bornu Basin represents the Nigerian sector of the much larger Chad Basin (Fig
1.1) with an area of approximately 2,335,0002keoovering northeastern Nigeria, Chad,
Cameroon, Central African Republic, and Niger. It is a rayltle sedimentary basin, whose
current structure is an intracratonic sag basin (Genik, 1992). It is a component of the West and
Central Atlantic Rift Syster(from which the Benue Trough persists) initiated when the African
and South American plates separated (Benkhelil, 1989; Fairhead, 1988; Fairhead and Binks,
1991; Binks and Fairhead, 1992; Genik, 1992). The Gongila and Fika formations which are
equivalent ® the Pindiga Formation of Wozny and Kogbe (1983) represent the latest
&EHQRPDQLDQ WR &RQLDFLDQ VXFFHVVLRQ ZKLOH WKH *RPE

Santonian Cretaceous strata @4, 1.5b).
1.2.2.1Gongila Formation

The Gongila Formationis characterized by alternating copiously fossiliferous
limestonemudrock lithofacies (which may change to massive fossiliferous limestone
lithofacies in some areas) at the base, and interbedded mudrepkaaad and hummocky
crossbedded, bioturbated sastone (Ophiomorpha ichnofacies) at the top. These sediments
have been interpreted as deposits of a shallow marine environment (Obi, 1998; Akande et al.,

1998; Obaje, 2009; Adepoju and Ojo, 2013; Nwajide, 2013).
1.2.2.2 Fika Formation

The Fika Formation is domingy fossiliferous, occasionally gypsiferous mudrock unit
with subordinate limestone and fine sandstone interbeds (Obaje, 2009; Hamz2&t1al
Adegoke et a) 2014). It is uncertain if the gypsum is of primary origin or due to the weathering
of pyrite. A normal marine to brackish depositional setting has been inferred based on its

lithofacies and fossil contents (Gebhardt, 1997; Akande et al., 1998; Hamza@1 ).
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Fig. 1.4: Latest Cenomanian to Paleocene stratigraphic chart of Nigeria depicting the
stratigraphic groups and important formations in the sedimentary basins discussed, with
schematic differentiation of lithology

1.2.2.3Gombe Formation

The Gombe Formation (FidlL.4) unconformably overlies the pBantonian rocks.
Although not ubiquitous in the Bornu Basin, it is better developed in the southern end of the
basin and the northern Benue Trough (see section 1.2.4). Its absence in other areas may be due
to erosion onondeposition (Suleiman et.aP017; Nwajide, 2013; Obaje, 2009). Three main
lithofacies characterize this formation: (i) a basal heterolithic unit comprising phytaclast
thinly bedded mudrock with interbeds of fine mediumgrained sand and thibeds of
ironstone; (i) a middle well bedded finéo mediumgrained sand (mainly arenites) with
interbeds of mudrock; and (iii) a top unit characterized by tabular to planashezdded, fine

to coarsegrained reddish sand (Zaborski et 4B97). Thessediments have been interpreted
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as deposits of a lower delta plain to estuarine environment (Zaborski EK3%; Akande et

al., 1998; Ojo and Akande, 2004; Carter Suleiman et aJ 2017).
1.2.3. Bida Basin

The Bida Basin also known as the Nupasin or Middle Niger Basin is a N\SE
trending rift basin (King, 1950; Kogbe et,al1983) infilled with postSantonian Cretaceous
sediments covering an area of approximately 60,00QKig. 1.1; Adeleyen Nwajide, 2013).

Its sedimentary infill exhibg widespread facies variability, resulting in its subdivision into a
northern Bida subasin and southern Bida sbhasin (Jones Ojo and Akande, 2009). In the
northern Bida sulbbasin, the Bida, Sakpe, Enagi and Batati formations represent the post
Santoman sediments, while the Lokoja, Patti and Agbaja formations comprise the lithic infill

in the southern subasin(Figs. 1.3, 1.5c).
1.2.3.1Bida Formation

The Bida Formatiomnconformably overlies Precambrian basement rocks in the flanks
of the northern Bida subasin. Itis mainly a sand unit, which is feruginized in places with
mudrock and indurated breccia units occurring at some stratigraphic horizons. The sand unit is
subdivided into three stiacies: (i) poorly to moderately sorted basal conglomeratic tamals
(ii) poorly sorted coarsgrained, massive arkosic sandstone; (iii) loose, poorly to moderately
sorted sand; and (iv) moderately sorted,-fiinained sand (Olaniyan and Olobaniyi, 1996). The
lithofacies is interpreted to represent fluvial (braidedrchannels) to alluvial fan depositional

environment (Adeleye, 1974; Obaje, 2009; Braidéywajide, 2013).
1.2.3.2 Sakpe Formation

The Sakpe Formation is an ironstone unit consisting of thinly bedded oolitic ironstone,
which grades into pisolitic iromsne, ferruginized sandstone, and claystone containing fossil

wood. Ferruginize®kolithosburrows and poorly preserved gastropod and bivalve shells have
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been reported (Adeleyen Nwajide, 2013). A shallow marine (near shore) depositional

environment habeen inferred for the formation.

1.2.3.3Enagi Formation

Ojo and Akande (2012) identified and interpreted four distinct lithofacies in the Enagi
Formation: (i) conglomeratic lithofacies formed as tidal channel lags; (ii) tidal channel and
shoreface sand; (iii) braided river sand; and (iv) overbank/floodplaiystolee. These
lithofacies depict shallow marine depositional conditions, influenced by fluvial processes at

relative sedevel fall.

1.2.3.4Batati Formation

The Batati Formation is dominantly an oolitic and goethitic ironstone unit with
subordinate ferruginous udrock intercalations (Obaje, 2009; Nwajide, 2013). A marginal
marine depositional condition has been inferred for the formation based on the lithofacies and

fossil fauna recovered by AdeleyeNwajide (2013).
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Figs. 1.5. Upper Cretaceous to Paleocene stratigraphy. 5a, Campaveastrichtiant
Paleocene lithostratigraphy of the Sokoto Basin (modified from Kogbe, 1981). 5b, Tutonian
Maastrichtian lithostratigraphy of the northern Benue Trough (modified from Akarale et
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from Ojo and Akande, 2009).
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1.2.3.5Lokoja Formation

The Lokoja Formation unconformably overlies Precambrian basement rocks in the
flanks of the southern Bida sddash and the Benin flank (western flank of the Anambra Basin)
where it occurs as a lateral facies equivalent of the Nkporo Group (see section 1.2.5.1. below;
Nwajide, 2013) and coeval with the Bida Formation (Osokpor and OKkiti, 2013). It is mainly a
sand unitwhich is feruginized in places. Osokpor and Okiti (2013) described the formation as
comprising poorly sorted massive pebbly sands in a fine sand/mudstone matrix, poorly to
moderately sorted crodgedded coarsgrained sand and thin oolitic ironstone unithe

sediments have been interpreted as depicting alluvial to fluvial depositional conditions.

1.2.3.6 Patti Formation

The Patti Formation is characterized by grey to white,- fiwe mediumgrained
sandstone, siltstone, claystone and orgaott mudrock interbedded with bioturbated
ironstone (Abimbola, 1997; Akande et,&005; Ojo and Akande, 2009; Nwajide 2013). The
siltstone beds are commonly bioturbated and may display occasional soft sediment deformation
structures. Based on the palynology andlihefacies succession of the formation, Ojo and
Akande (2009) concluded that the deposits were formed by an interplay of marine tidal versus
fluvial processes. This interpretation is supported by micropaleontological data (Agyingi,

1993; Petteran Obaje 2009).

1.2.3.7Agbaja Formation

This ironstone unit caps the Patti Formation. It comprises three lithofacies (Abimbola,
1997) as follow: (i) Poorly sorted yellowish brown oolitic ironstone unit; (i) Well sorted
reddish brown pisolitic ironstone unit; and (imuddy concretionary ironstone unit. Adeleye

(1973) attributed the deposits to marine processes, whereas Umeorah (1987), Abimbola (1997),
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and Micke et.al (1999) inferred the prevalence of marginal marine conditions for their

deposition.

1.2.4 Benue Trough

The Beme Trough is a linear NSW trending depression with dimensions of 1000 km
in length and approximately 8100 km in width (Fig1.1) (Benkhelil, 1989). It is a component
of the WARS initiated in the Barremian during the early phase of the separationSufitie
American Plate from the African Plate (Fairhead, 1988; Fairhead and Green, 1989; Benkhelil,
1989; Fairhead and Binks, 1991; Binks and Fairhead, 1992; Genik, 1992, Fairhead et al., 2013).
Two schools of thought exist regarding its basin type. Tisé giroup proposed a simple rift
structure, i.e., the failed arm of a Ridg&lgeRidge (RR-R) or RidgeRidgeFault (RR-F)
rift system (King, 1950; Cratchley and Jones, 1965; Stoneley, 1966; Burke et al., 1970; Burke
and Dewey, 1974; and Olade, 1975). Bbeond group, which has a wider acceptance, favors
a more complex pulipart structure with midbasins forming along a zone of pegisting
transcurrent faults (Benkhelil, 1982, 1986, 198%jir&ud, 1990; Allix and Popoff, 1983,
Popoff et al., 1986). Theurrent structure of the Benue Trough, which was slightly modified
by extensional tectonics in the early Cenozoic, is considered a product of thavigiate
Santonian compressional tectonics driven by the reactivation eAtfadtic transform faults
cau®d by differential spreading rates of the Central versus South Atlantic Ocean (Burke and
Whiteman, 1973, Graud and Bosworth, 1997). Consequently, theSaatonian strata were
folded, faulted, intruded, and eroded (Benkhelil and Robineau, 1983; BenkB88l, Giiraud

and Bosworth, 1997; Suleiman et, 2017).

Based on its tectonostratigraphy and geography, the Benue Trough is subdivided into
three segments (Fig.1), namely, the northern (upper Benue Trough), central (middle Benue

Trough) and souther (lower Benue Trough/Abakaliki Basin) (Benkhelil, 1989, Nwajide,
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2013). For the northern Benue Trough two-balsins are differentiated: the Gongola-baisin

and the Yola suibasin or arm (also known as the Garoua Basin in Cameroon). The pre
Santonian @test Cenomanian to Coniacian) succession is represented by the Gongila and Fika
formations in the Gongola sti@asin. In the Yola subasin, this interval comprises the Dukul,
Jessu, Numanha, Sukuliye and Lamja formations. During theSamgbnian, the Yla sub

basin was emergent, and only the Gongolalsagin acted as a depocenter at that time. The
Gombe Formation in the Gongola shbasin (Fig 1.5b) represents the Campantan
Maastrichtian succession. Refer to sections 1.2.2.1, 1.2.2.2, and 1.2.2 Scfiptotas of the

Gongila, Fika and Gombe formations in the Chad Basin.

In the central and southern Benue Trough, the-Akae Group (Keana, Ezé&ku,
Makurdi, Wukari and Amaseri formations), and Awgu Group (Awgu, Agbani, and Ogugu
formations) represent thHatest Cenomanian to Coniacian stratigraphy. The southern Benue
Trough was emergent during the p&stntonian, and consequently became a source for clastic
sediments. Only the Lafia Formation was deposited in the central Benue Trough at this time

(Benkhell, 1989; Nwajide, 2013).

It is important to note here that based on sedimentological and micropaleontological
data, Petters and Ekweozor (1982) and Gebhardt (1997, 1999, 2001) considered the latest
Cenomanian to Coniacian succession in the southern BErmegh as one continuous
depositional sequence characterized by deep marine anoxic (turbidite) to shallow marine
dysoxic to oxic conditions. They considered the subdivision of the rocks as tifk&zsnd

Awgu Groups as unnecessary and proposed the Nk&lagnation.

1.2.4.1Dukul Formation

The Dukul Formation comprises of fossiliferous, bioturbat@dizianaichnofacies)
interbeds of mudrock, limestone and marl deposited in a shallow marine setting (Akande et al.,
1998; Nwajide, 2013).
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1.2.4.2Jessu Formation

Interbedded sandstone and mudrock beds characterize the Jessu Formation. The
mudrock beds are subordinate at the base but progressively increase upwards (Sarki Yandoka
et al., 2016). A shallow marine depositional setting has been interpreted for thigagitat

(Ojo and Akanden Nwajide, 2013).

1.2.4.3Numanha Formation

Blue-black mudrock interbedded occasionally with thin calcareous sandstone and
limestone characterize this formation, which has been interpreted as shallow marine (Nwajide,

2013 Sarki Yandokaetal., 2016).

1.2.4.4Sukuliye Formation

This formation consists of interbeds of mudrock and limestone. The mudrock beds are
commonly thicker than the limestone beds, which contain abundant shelly fauna. The
sediments have been interpreted as shallommalepositg§Nwajide, 2013; Sarki Yandoka et

al., 2016).

1.2.4.5Lamja Formation

The Lamja Formation, the youngest unit in the Yola-Babin, consists of massive
sandstone with interbedded fossiliferous, orgaitic mudrock and limestone, as well as thin
coal nterbeds deposited under shallow marine to brackish depositional con{idoelsye,

in Nwajide, 2013).

1.2.4.6EzeAku Group

The EzeAku Group comprises the Keana, E&ku, Makurdi, Wukari and Amaseri
formations in stratigraphic order from bottom to top, whiepresent latest Cenomantan
Turonian succession in the central and southern Benue Trough.
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1.2.4.6.1 Keana Formation
Arkosic planar crosbedded, poorly sorted, strongly cemented, micaceous sandstone unit,
interbedded occasionally with mudrock characterizes this formation, which has been

interpreted as fluvial in origin (Offodile, 1984; Nwajide, 2013).

1.2.4.6.2 Ez&kuFormation

Note that this formation forms a part of the homonymousAkaeGroup, which may
lead to confusion, depending on literature source. It consists of dark grey to black, micaceous,
calcareous and gypsiferous organah mudrock alternating with liestone. This lithofacies
association contains a copious amount of shelly fauna and has been interpreted as marine

(Nwajide, 2013; Igwe and Okoro, 2016; Dim et al., 2016).

1.2.4.6.3 Markurdi Formation

The Makurdi Formation is a lateral equivalent of thee-Bku Formation. This
dominant sandstone unit is arkosic, planar to trough 4redded, mediunto coarsegrained
and micaceous. A sharp irregular base with pebbly lags, grading into finer grained particle
sizes, characterizes a typical depositional cy&slguvial channel depositional setting has been
interpreted for this formation (Nwajide, 1988, 2013). Nwajide (2013) also described the
Wadatta Limestone Member within this formation, which comprises bioclastic limestone
interbedded with sandstone andrinauggesting a short marine transgression in a fluvial

dominated setting.

1.2.4.6.4/Nukari Formation

The Wukari Formation is a litttenown unit that overlies the Markurdi Formation. It
comprises intercalations of mudrock, limestone and sandstone interpnetpcesent marginal

marinebrackish depositional setting (Nwajide, 2013).
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1.2.4.6.5Amaseri Formation

This predominantly sandy formation (especially towards the top of the succession)
consists of intercalated sandstone, conglomerate, and mudrock (Igwe and Okar®,204i6
al., 2016). The sandstone beds are bioturbat&dlithos and Glossifungitashnofacies),
moderately to poorly sorted, and vary from wavy laminateddnagned calcareous sandstone
to arenaceous crovedded mediunto coarsegrained sandston&he mudrock beds are dark
grey to black coloured. The conglomerate beds often show a sharp irregular base and contain
reworked pebble to cobblzed intraformational / extraformational limestone and mudrock
clasts in a sandy matrix. This facies assoami® interpreted as deposited under shallow

marine to marginal marine (Igwe and Okoro, 2016; Dim et al., 2016).

1.2.4.7 Awgu Group
The Awgu Group comprises the Awgu, Agbani, and Ogugu formations in stratigraphic
order from bottom to top, which represent late ofuanConiacian strata in the central and

southern Benue Trough.

1.2.47.1 Awgu Formation

Note that this formation forms a part of the homonymous Awgu Group, which may lead
to confusion, depending on literature source. The Awgu Formation consists ob driagk,
organicrich mudrock, marl, bioclastic limestone, medirno fine-grained calcareous
sandstone and coal, which occur at the top of the unit (Obaje £#894; Nwajide, 2013). A
marine environment has been inferred based on lithofacies andabgrsishic information

(Petters and Ekweozor, 1982; AgdagiNwajide, 2013; Kaki et al., 2013).

1.2.4.72 Agbani Formation

The Agbani Formation is a lateral facies equivalent of the Awgu Formation that consists

of predominantly poorly sorted planar crdssdded mediurto coarsegrained sandstone beds
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interbedded with organidch mudrock beds, interpreted as upper delta plain in origin

(Nwajide, 2013).

1.2.4.7.30gugu Formation

This formation is laterally equivalent to the upper part of the Awgu Formation, and
consists of dark grey organich calcareous mudrock interbedded occasionally with thin beds
of sandstone. The depositional environment has been interpreted asdéiizio (Agumanu

and Enu, 1990).
1.2.48 Lafia Formation

The Lafia Formation represents p&sntonian (Maastrichtian) deposition in the
Middle Benue Trough. It unconformably overlies the Awgu Formation and is coeval with the
Nkporo Group (see section 1.2.%&low; Benkhelil, 1989; Nwajide, 2013). The formation
consists of crosbedded, poorly sorted, finéo coarsegrained arkosic sand beds (which are
occasionally strongly irosemented), mudrock beds and coal units interpreted as fluvial to

marginal deposit (Obaje, 2009; Nwajide, 2013).
1.2.5 Anambra Basin

The Anambra Basin (Fidl.1) represents the pesft phase (Fig 1.2) of the Benue
Trough. It formed because of slow basin subsidence caused by thermal relaxation (sag) in the
aftermath of the westward shift depocentre location following the Santonian inversion that
affected the pr&Santonian strata of the southern Benue Trough (Fairhead and Binks, 1991;
Binks and Fairhead, 1992). The basin covers an area of approximately 5500Gkma, and
is borderedo the West, East, and South by the Benin Hinge Line (also known as the Okitipupa

structure), the southern Benue Trough and the Niger Delta Basin, respectivelylFig
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1.2.5.1Nkporo Group

The Nkporo Group marks the onset of sedimentation i\treanbra Basin, and rests
unconformably on basement rocks in the Benin flank (western section), asémmnian
rocks in the central and eastern parts of the basin. It is coeval with the Lafia Formation
(Nwajide, 2013), and consists of the Afikpo, Nkpdrokoja (described in section 1.2.3.5) and

Owelli, Enugu formations in stratigraphic order from bottom to top

1.2.5.1.1 Afikpo Formation

The Afikpo Formation consists of a basal orgamtth mudrock unit, which grades into
planar and herringbone creBsdded sandstone to moderately bioturbated, hummocky-cross
bedded sandstone at the midsection, and then passes into heterolith andriatgamicirock
interbedded with coal at the top of the section. Nwajide (2013) interpreted this formation as

paralic to narine.

1.2.5.1.20welli Formation

The Owelli Formation is a lateral facies equivalent of the Nkporo Formation. It consists
of well sorted, wave ripple laminated, fossiliferous siltsteardstone intercalated lithofacies
at the bottom of the section, whigh overlain by planar and hummocky crdmsided,
micaceous, reverse graded, figrained sandstone. Impressions of molluscs@pitiomorpha
burrows are also present (Odunze et al., 2013; Nwajide, 2013). A ftidahlchannel
depositional setting has beeferred for this succession (Odunze et al., 2013; and Nwajide,

2013).

1.2.5.1.3 Enugu Formation

The Enugu Formation is a lateral facies equivalent of the Nkporo Formation and is

characterized by mainly carbonaceous mudstone (with disseminated pytédjedded with
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lenticular to wavy laminated siltstone, and planar to herringbone-sti@gied sand interbeds.
Shallow marine to estuarine conditions has been inferred for the formation based on the

lithofacies association and fossil contents (Odunzg. £2013; and Nwajide, 2013).

1.2.5.1.4 Nkporo Formation

The Nkporo Formation consists of mainly carbonaceous mudrock interbedded with
fine-grained sand, marl or limestone. This formation is amply fossiliferous, with preserved
ammonites, echinoids, cords, crabs, fish teeth, bryozoans, abundant benthic foraminifera,
palynomorphs, etc. (Zaborski, 1983, 1999; Reymertiwajide, 2013). The lithofacies and
fossils have been used to infer marine to marginal marine depositional conditions for this

formation(Zaborski, 1983; Edet and Nyong, 1993; Odunze et al., 2013).

1.2.5.2 Mamu Formation

The Mamu Formation is characterized by a rhythmic succession of shale/sandy shale,
sand, carbonaceous shale interbedded with coal, and is capped by sandy shale (S¥8¥son, 1
Nwajide, 2013). Also present are limestone and oolitic ironstone units (Akande and Micke,

*HEKDUGW DQG (GHJEDLYV XQSXEOLVKHG GDWD
an estuarine depositional setting for this succession, whereaseRe{1965), Murat (1972),
Petters (1978), Petters and Ekweozor (1982), and Gebhardt (1998) interpreted the formation as

deltaic.

1.2.5.3 Ajali Formation

The Ajali Formation is characterized by unconsolidated, medjtaimned, poorly to
moderately sorted, meralogically and texturally mature crelsedded sand beds. Nwajide
(2013) noted the presence of liesegang rings, overturnedlmeddags, herringbone cross

bedding, and water escape structures, as well as ichnofossils, inclogimgmorpha,
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Thalassinades, and Rhizocoralliunat various stratigraphic levels. He inferred a tidally

influenced shallow marine to depositional setting

1.2.5.4Nsukka Formation

The Nsukka Formation consists of carbonaceous shale interbedded with silt, coal, sand,
ironstoneand occasional limestone (Umeji and Nwajide, 2007). Marginal matmenarine
conditions, occasionally influenced by fluvial processes have been inferred for this lithofacies

association (Umeji and Nwajide, 2007; Nwajide, 2013).

1.2.6 Benin Basin

The Benin Baim (Fig. 1.1) owes its origin to the opening of the South Atlantic Ocean
as the African Plate separated from the South American Plate. It is a transform margin basin
situated within the Gulf of Guinea shear zone (Okereke and Ofoegbu, 1990; Brownfield and
Charpentier, 2006). The basin is about 500 km in length and up to 170 km onshore in width
(close to the Nigeri®enin Republic border). The basin extends from the Volta Delta in Ghana
at its western limit through Togo and the Benin Republic into the Of#ijRidge in Southwest
Nigeria at its eastern Imit% URZQILHOG DQG &KDUSHQWLHU . 1ZDML
2016). The latest Cenomanian to Coniacian lithic infill comprises the Afowo and the Awgu
(described in section 1.2.4.7.1) formations, white Araromi Formation represents its post

Santonian sediment succession.

1.2.6.1. Afowo Formation

The Afowo Formation sits unconformably on the Lower Cretaceous Ise Formation, the
H$OELDQ 6DQGVWRQHYT DQG EDVHPHQW U Bfed Mhedjtd RQ VLV W
coarsegrained sandstone alternating with fossiliferous mudrock units that may contain pyrite

.DNL HW DO 1ZDMLGH GI$OPHLGD HW DO

depositional setting has been interpreted for tms&ion (Kaki et al., 2013; Nwajide, 2013).
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1.2.6.2. Araromi Formation

The Araromi Formation unconformably overlies the Awgu Formation. It consists of
fine- to mediumgrained sandstone mostly at the base, and orgahidossiliferous, pyrite
rich mudrockwith thin interbeds of marl, limestone, and lignite furthersegtion (Omatsola
DQG $GHJRNH GI$OPHLGD HW DO %DVHG RQ LWV
occurrence of pyrite, a shallow to deep marine environment has been infethredftymation

(Kaki et al, GI$OPHLBEBDE)HW DO

1.3 Discussion

The opening of the Equatorial Atlantic in the rfitbian marked the onset of marine
deposition in presertday Nigeria (Fairhead and Binks, 1991). This transgressive episode
caused byncreased subsidence and rising global sea level IRywas initially restricted in
its extent to the Southeast and Southwest (E&), due to lower topography and proximity to
the Equatorial Atlantic (Adeleye, 1975). With continued subsidence asilg riglobal
temperature and sea level (Fig2; Skelton et al., 2003; Bodin et al., 2015) in the Cenomanian
Turonian, and the linking of the South Atlantic with the Tethys Oceans which advanced
southwards in the Cenomanian, marine deposition commendkd kortheast (FiglL.7). In
comparison to the Albian transgression, this episode was mereaeing as topographic
barriers that would have restricted its advance were overridden (Reyment, 1980; Reyment and
Dingle, 1987). It marked the first time theahsSaharan seaway with the Benue Trough as an
eastward connection route was established. (Eig) (Adeleye, 1975; Reyment, 1980;

Benkhelil, 1986; Reyment and Dingle, 1987).

This hypothesis issupported by the presence of copiously fossiliferous marine
sediments preserving fish, ammonite, gastropod and ostracod fauna that also occur in Niger

(Adeleye, 1975; Benkhelil, 1989). Reyment (1980) and Petters and Ekweozor (1982) correlated
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this episode to the Cenomani@inronian Bonarelli OAE 2 (Schlanger anchkegns, 1976;
-HQN\QV %RGLQ HW DO (GHJEDLTV XQ@3B8&OLVKHG
b), and a similar report of pi®@antonian rocks by Olawoki et al (2018) at Filet®rthwest of
Lokoja, Bida Basin, which is likely coeval with thee-Santonian Bima, Ise, Gundumi and lllo
formations, suggés that the Bida Basin and theoithwest was probably not emergent, and
fluvio-deltaic conditions inferred to have existed in the Neocomian to early Albian probably
continued to this time (Fgg1.6and1.7). Paleogeographic reconstructions by Scotese (2014)
(Figs. 1.8a, b) support this hypothesis, and the supposition that first opening of the- Trans
Saharan seaway in the rAdbian is untenable. As it is unlikely that the Bida Basin was already
flooded in the early Turonian, no western arm of the T&aigran prevailed, as depicted in

the conceptual paleogeographic reconstructions of the late Albian (102 Ma) and early Turonian

(92 Ma) provided in Fig.1.6 and 1.7.

A change from sinistral to dexlr strikeslip motion occurred along reactivated pre
existing oceanic faults formed by differential spreading rates of the South and Central Atlantic
Oceans (Fairhead and Green, 1989). The resulting widespread inversion led to folding, faulting,
intrusion, uplift and exhumation of pr8antonian rocks in the Nigerian basins, and thus
ultimately disrupted the TransSaharan connection and halted marine sedimentation in

Nigerian basins (Benkhelil and Robineau, 983; Benkhelil, 1989).
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Fig. 1.6: Conceptuallate Albian paleogeography of Nigeria (paleogeographic coordinates
obtained from Scotese (2014).

Renewed, slow subsidence in the CampaMastrichtian in response to thermal
relaxation (Fairhead and Binks, 1991; Binks and Fairhead, 1992) allowed &mctmaulation
of nearly flatlying sediments in the Anambra and Bida basins, the central Benue Trough, as
well as in the Southwest, Northwest, and Northeast. The lithostratigraphic similarity in these
basins represented by widespread transgressive arahpreshtly marginal marine to shallow
marine sediments records the global rise in sea level (Kogbe, 1981; Adetunji and Kogbe, 1986;
Ojo and Akande, 2009).adipo (1988) noted that the paleogeographic implication of the post
Santonian Cretaceous successionthe Anambra Basin was indicative of one general
widespread transgressive episode from the South Atlantic Ocean (marked by short spells
regression in the latedMaastrichtian in some areas}his hypothesis contradicted the

widespread regression identdién earlier studies (Murat, 1972; Petters, 1978).
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Fig. 1.8. Cretaceous paleogeographic reconstructions of Africa adapted from Scotese (2014)
with boxes indicating the location of Nigeria; 106 Ma (mid Albian). b, 91.1 Ma (early

Turonian). ¢, 73.8 Ma (late Campanian).

The similarity in depositional conditions, qdad with faunal similarity in parts of West

and North Africa have been used as evidences of a secondSahasan connection (Adeleye,

1975; Reyment, 1980; Kogbe, 1980, and 1981; Zaborski, 1983; Adetunji and Kogbe, 1986;
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Moody and Sutcliffe, 1991; Geblddr 1998; Luger, 2003). An example is the occurrence of
the ammonite faunaibyococerassp. believed to have originated in the Middle East and
present in CampaniaMaastrichtian sediments in North Africa and Nigeria (Zaborski and
Morris, 1999). In additionwidespread occurrences of several ostracod species, such as
Brachycythere ekpcommon in Algeria and NigeriaBrachycythere ogur{iTunisia, Algeria,
Egypt, Mali, Niger, Nigeria and Togdytherella sylvesterbradleyiibya, Mali, Nigeria and
Ghana), ad Paracosta warriensigAlgeria, Libya, Mali, Niger and Nigeria) were reported by

Luger (2003) and Elewa (2017).

While it seems plausible that a second Teth$anth Atlantic connection existed, there
is no consensus about the connection pathway (Zaboi€83). Global Campanian
Maastrichtian paleogeographic reconstruction by Scotese (2014) prefer the same eastward
TransSaharan connection route as for the Turonians(Rigb and 1.8c), and shows flooding
of the Bida Basin and Benue Trough, and an emergent Sokoto (lullemeden) Basin. This
scenario is unlikely because it contradicts local structural, stratigraphical and paleontological
observations. The reconstruction does account for the occurrence of marine to marginal
marine conditions in the Sokofasin, and it favors flooding of the southern Benue Trough
and the Yola sulbasin, which were emergent at this time. Any model proposed to explain
widespread coeval margihmarine to marine sedimentation caused by the second-Trans
Saharan linkage between the Tethys and Atlantic Oceans must take into account all local
structural, stratigraphical and paleontological observations. Presently, the models that exist in

the litemture argue in favor of either a Benue Trough pathway, a Bida Basin pathway, or both.

The proposition of an eastward TraBaharan seaway via the Benue Trough pathway
is based primarily on the premise that the Bida Basin is devoid of marine to margiimsd ma
CampaniarMaastrichtian sediments and consequently, could not have been a seaway
(Reyment, 1980; Braiden Nwajide, 2013; Zaborski and Morris, 1999). Furthermore, the
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discovery ofpoorly constraineu SROMDMWR QLD QY DPPRQLWH LQentMKH %HQ X
Reyment, 1980; Popoff et.a1986) has been used as a supporting evidence. This interpretation

was in spite of sedimentological, paleontological and geochemical evidence of marine to
marginal marine conditions by Adeleye (1975), Umeorah (1987)vudand Enu (1992),

Agyingi (1993), Abimbola (1997), Jan du Chéne etinlGebhardt (1998), and Miicke et.al

(1999). More recently, Ojo and Akande (2009, 2012) published sedimentological,
paleontological (dinoflagellate cysts, acritarchs, foraminifera, levmemains and cast of
molluscs), and ichnological evidences of widespread marine to marginal marine conditions in

the Bida Basin. In addition, they noted the sedimentological similarities bettieen
CampaniarMaastrichtiarstratain the Anambraand Bide DVLQV ZKLFK (GHJEDLTYV X
data has confirmed. As indicated earlier, the southern Benue Trough was emergent after the
Santonian tectonics and likely inhibited any seaway via that route (Adeleye, 1975).
Furthermore, the likelihood thatbyococeraspreserved in the northern Benue Trough is pre
Santonian (Zaborski, 1983; Zaborski and Morris, 1999), and the difficulty in correlating it with
CampaniarMaastrichtian sediments in the Anambra Basin (Reyment, 1980) strongly suggests

the Bida Basin pathwags more likely than the Benue Trough connectivity.

A westward TransSaharan seaway hypothesis through the Bida Basin pathway is
strengthened by: (i) the discovery of six hitherto endeagglutinated foraminifera species,
namely Haplophragmoides haussa, plaphragmoides nigeriense, Haplophragmoides
sahariense, Textulariopsis gidankukaensis, Textulariopsis dukamajina, Trochaspmaral
Trochammina dutsungPetters, 1982) in the Dukamaje and Mamu formations in the Sokoto
and Anambra basins, respectively effBardt, 1998); (ii) correlation of Campanian
Maastrichtian sediments in the Southeast and the NorthwestLisyagocerassp (Zaborski,
1983); and (iii) similar marine mosasaur specksirfdens walkerjn the lullemeden Basin

(Niger) and Anambra BasifL.inghamSoliar, 1998).
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Taking into consideration the Upper Cretaceous paleogeographic reconstructions by
Scotese (2014), and information from Adeleye (1975), Kogbe (1980), Reyment and Dingle
(1987), Ladipo (1988), Gebhardt (1998) and Zaborski and Mot899), we revise the
paleogeography of the latest Campanian to middle Maastrichtian. This interpretation advocates
a TransSaharan connection pathway via the Bida Basin, and flooding of the northern Benue
Trough (Gongola subasin) and central Benue Troubi Tethys inflow via the Chad Basin
(see Fig 1.9). This is a more plausible explanation for the widespread marine to marginal
PDULQH FRQGLWLRQV LQ 1LJHULDYV VHG Ldwer@&izBAsBEDVLQ D
experienced uplift, erosion, amdn-deposition due to the Santonian tectonics. The emergent
lower Benue Trough sourced the continental clastic sediments in the eastern Anambra Basin,
as observed from paleocurrent analysis of the Ajali Formation (Amajor, 1987b) and

geochemical data (M..EDkiotor, pers. comm., 2015).

1.3.1 Implication for source rock development

The opening of the Equatorial Atlantic led to widespread deposition of marine source
rocks in the latest Cenomanian to Turonian, and subordinate coals in the Coniacian. However,
widespead coal deposition occurred in the CampaiMaastrichtian when marginal marine

conditions prevailed.

1.3.1.1Latest Cenomanian to Coniacian

In the Southeast, two source rock units exist in theAkzeGroup and Awgu Group:
(i) lower to middle marine saoe unit; and (ii) subordinate upper coaly source unit. The source
character of the lower to middle marine source unit is fair (mostly at its base?) to good organic
richness, mature to post mature with gas prone Typk/ IKkerogen (Petters and Ekweozor,
1982; Total, 1984; Unomah, 1991; Babatunde, 2010; Odigi and Amajor 2010; Akande et al

2012). By contrast, the source character of the upper coaly source unit reveals organic richness
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up to 66%, with Type Il and subordinate Type Il kerogen, and is ealyrmnto post mature
(Obaje et al 2004; Ehinola et al 2002; Obaje and Lingouis1996). In the Southwest,
geochemical data from the Awgu Formation reveal early mature, oil and gas prone-Mype Il
source units, with fair to good organic richness (Katkal, 2013). In the Gongola sub basin,
present day organic richness and source quality of the Gongila and Fika formations range from
fair to good, gas prone Type-INV kerogen, immature to late mature due to magmatic activity
(Akande, et al 1998; Obge et al, 2004, 2006; Boboye and Abimbola, 2009; Adekoya ¢t al
2014; Alalade and Tyson, 2013). In the Yola-fasin, the organic richness and source quality
of the marine source unit range from poor to fair, gas prone Twbé Kérogen, and early to
post mature due to magmatic activity (Akande gtl&@198; Obaje et 812004, 2006; Abubakar,
2014; Sarki Yandoka et.aR016). The Coniacian Lamja coals have organic richness up to
72%, early maturity with gas prone Type Il and subordinate oil prope Tiykerogen (Jauro

et al, 2007; Sarki Yandoka at al., 2015).

We note here that heavy oil within oil seeps and tar sand deposits in the Southeast (Eze
Aku and Awgu Groups), Southwest (Afowo Formation) and Northeast (Bima Formation) is
sourced from these dominantly marine source units (Enu, 1985; Coker and Ejed@we, 19
Brownfield and Charpentier, 2006; Babatunde, 2010; Reijers and Pettdhsajide, 2013;

Bata et al., 2015).
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Fig. 1.9. Conceptual early Maastrichtian paleogeography of Nigeria (paleogeographic
coordinates obtained from Scotese (2014).

1.3.1.2Campanian-Maastrichtian source rocks

Widespread pos$antonian (mostly) marginal marine conditions favored source rock
development within the mudrock and coal units. This4s@sttonian coal unit, which is best
developed in the Anambra Basin, is more widesptbad the preéSantonian coal. In the
Southwest, geochemical data from the Araromi Formation reveal oil prone Type Il kerogen
with good to excellent organic richness and early maturity (Kaki,&l3). In the Northeast,
geochemical data from the mudrdekies in the Gombe Formation reveal thermally immature
to early mature, gas prone TypeIM kerogen, with fair to good preseday organic richness
(Akande et al 1998; Obaje et gl2004; Abubakar, 2014; Ayinla et.aR017). Furthermore,
geochemicatiata from the Gombe Formation coal facies reveal thermally immature gas prone

Type Il kerogen, with up to 80% organic richness (Obaje. £2@0D6; Abubakar, 2014, Ayinla
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etal, *HRFKHPLFDO GDWD IURP %LGD %DVL®QMvMatieWWL )R
gas prone Type Il kerogen with fair to good organic richness (ldowu and Enu, 1992pObaje

al., 2004, 2006; Akandeet al, 2005; Nton and Okunade, 2013). In the Anambra Basin, the

source potential of the Nkporo Group and carbonaceous mudobtcke Mamu Formation

reveal thermally immature to early mature (at depth), dominantly Type Il (with subordinate

Type Il) kerogen, with fair to good organic richness. The best source potential occurs at the top
section of the Nkporo and Enugu formatioasd the basal to mid sections of the Mamu
Formation (Total 1984; Ehinola et.@2005; Babatunde, 2010; Akande et aD12; Edegbai

and Emofurieta, 2015). Geochemical data from the Mamu Formation coal facies reveal
thermally immature (early mature at depth) Typdllderogen with up to 77% organic richness

(Akande et al 2012).

1.3.2 Implication for solid mineral androundwater resource development

1.3.2.1Limestone

Widespread flooding of Nigerian basins in the Cenomanian to Turonian led to the
deposition of economically viable limestone units across the Benue Trough. The Nkalagu and
Ashaka limestone deposits are gexdmples (Popoff et al., 1986; Gebhardt 1997, 1999, 2004;
Aliyu et al., 2017). Limestone formation in the p&tntonian was limited due to widespread

marginal marine conditions. These deposits are at bestcautomical.
1.3.2.2Ironstone

Ironstone unig exist in the posBantonian rocks of the northern Benue Trough,
$QDPEUD DQG %LGD EDVLQV 21 SURVSHFW LV %LGD %DVLQ
one billion tons of ironstone reserve (Alafara et al., 2005). The Agbaja ironstone possesses

oolitic to pisolitic texture, and it is of the kaolinite type characterized by low magnesium oxide
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(MgO) and an average iron content of 63.5% (Umeorah, 1987; Abimbola, 1997; Micke et al.,

1999).

1.3.2.3Clay

Low energy conditions in marine to marginal mariepasitional settings favored the
formation of extensive clay deposits in the Upper Cretaceous. In general, kaolinite is the
dominant clay mineral phase in these rocks which have subordinate illite and smectite. This is
attributed to the warm humid paleoukte, which favored intensive weathering and acidic
OHDFKLQJ $JXPDQX DQG (QX 2GRPD HW DO
unpublished data). Generally, there is a decline in kaolinite content frorS@o&inian to pre
Santonian rocks attributdd a change from lower salinity marginal marine to higher salinity

marine depositional conditions (Agumanu and Enu, 1990).

1.3.2.4Groundwater resources

The best groundwater resources in Upper Cretaceous rocks occur within sandstone and
siltstone unitsThe latest Cenomanian to Coniacian sediments are mostly aquicludes, except in
areas where they are weathered or are sandstone units (Agbani, Ameseri, Lamja formations,
etc.; Oteze, 1981). Better groundwater resource potential occurs in tigaombashiarocks,
which contain more sandstone and siltstone units. Among these units, the Ajali Formation is
the most prolific; it holds the greatest Upper Cretaceous groundwater resource, which ranks it
among the seven giant aquifers in Nigeria (Oteze, 1981, édaijet al., 2003). The Lokoja,
Owelli, Enagi, Wurno, Taloka, Lafia and Gombe formations also hold vast amounts of
groundwater resources that are currently exploited and are artesian in places (Oteze, 1981,
Akujieze et al., 2003). Some potential existshia aquicludes of the Nkporo, Enugu, Mamu,
Araromi, and Nsukka formations due to the development of perched aquifers (Adelana et al.,

2008) and occurrence of local sandstone units.
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14 Conclusion

7KLV FRPSUHKHQVLYH UHYLHZ RI 8S Ssddiméntatly BaBiisHR XV U

highlighted the following:

(1) Consequent upon the opening of the Equatorial Atlantic during the Adaidn
Cenomanian, marine flooding was restricted to the Southeast and Southwest, while
continentaldeltaic conditions prevailed in theolheast, Bida, Sokoto, and Bornu

basins

(2) The initiation of the Bida Basin predates the Santonian, and is as old as the Benue

Trough.

(3) During the Turonian stage, the first TraBaharan seaway between the South Atlantic
and the Tethys (which started floodirmputhwards from the Cenomanian) was

established. The connection pathway was eastward via the Benue Trough.

(4) The platewide Santonian inversion tectonics characterized by folding, faulting, uplift

and intrusion halted sedimentation across Nigeria.

(5) A secondTransSaharan connection was-established in the Maastrichtian. At this
time, the connection pathway was westward via the Bida Basin. The Tethys flooded the
northern Benue Trough (Gongola shbédsin) and central Benue Trough via the Chad

Basin.

(6) Widespreadmarine conditions in the pi®antonian favored the deposition of
economicallyexploited limestone and clay deposits, and marine source rocks with
subordinate coal. These units are mostly aquicludes with potential for groundwater

resource.
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(7) Widespread mobkt marginal marine conditions in the CampanMaastrichtian
favoured the deposition of economically exploited coal, ironstone and clay deposits.
The sandstone and siltstone units hold vestigdwater resources, which anarently

being exploited.
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ABSTRACT

This article presents the results of a higholution evaluation of the sedimentological,
mineralogical, palynofacies, and geochemical aspects of the Mamu Formation aimed at
deciphering the sediment provenance, as well as theaipingv paleoenvironmental,
paleoclimatic and paleotectonic conditions that occurred during the late Campaddie
Maastrichtian age in the less studied western section of the Anambra Basin, Nigeria. Four
measured sections exposed in Uzebba (compogighi, Okpekpe, and Imiegba were
investigated using sedimentological (outcrop studies and laser diffraction particle size
analysis), mineralogical (XRD), geochemical (M¥FS and XRF) and palynofacies techniques.
Seven lithofacies were identified and grodpeto central basin, marsh, bay, barrier, beach,
and washover fan facies association as well as meandering -fidallchannel facies
association interpreted as indicative of a tidally influenced wave dominated estuarine
paleoenvironment. In addition,ineralogical and palynofacies characterization revealed the
heterogeneous nature of the dark mudstone lithofacies, varying from a more proximal low
salinity phytoclast and quartz dominated marsh and bay mudstones to a more distal higher

salinity palynomorp and clay dominated central basin accumulating deepwater mudstones.
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Consistent with recent CampaMaastrichtian paleogeographic and paleoclimatic models we
observed a dominance of kaolinite, a high chemical index of alteration above 90%, and a
predominatly low index of compositional variability values (< 1%), which signifies
mineralogical maturity of the sediments due to sediment recycling and intensive chemical
weathering under humid tropical paleoclimate. Furthermore, trace and major element
discriminant plots revealed a felsiatermediate provenance for the sediments under passive
margin paleotectonic regime, which is in agreement with the regional distribution, geology,

and geochemistry of the p&antonian rocks and the Precambrian basement rothks area.

2.0. Introduction

The late Campaniaearly Maastrichtian stage of the Cretaceous period in Nigeria is
characterized by the development of widespread marginal marine conditions due to eustatic sea
level rise after the end of platade (mostly) &ntonian inversion tectonics (Obaje, 2009;
Nwajide, 2013; Edegbai al, 2019). This development resulted in the deposition of kaalinite
rich mudstone, arenites, coal, ironstone and limestone units of the Patti and Sakpe formations
(Bida Basin), Mamu Foration (Anambra Basin), Araromi Formation (Benin Basin), Taloka
Formation (Sokoto Basin), and Gombe and Lafia formations (Benue Trough) (Edéegbai
2019). The Mamu Formation holds the largest coal resource in Nigédtieh isestimated to
be 1,374 miion tonnes (Behre Dolbear and Company, 2006). In addition, its mudstone and
coal units are regarded as important source units withimpiper Cretaceous petroleum system

in Southern Nigeria (Akandef al, 2007, 2012; Adedoset al.,2010; Abubakar, 201).

In the last 10 years, studies of the Mamu Formation (mostly aimed at source rock
characterization and palynology) have focused more on the eastern segment of the Anambra
Basin Akaegbobiet al, 2000;Akandeet al, 2007, 2012Aganbi and Emofurieta, 2010;

Adedosuet al, 2010, 2014; Nton and Awarun, 2011; Ogala, 2011; Chiaghabai 2013;
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Uzoegbuet al, 2014; Odomaet al, 2015; Onuigbaet al, 2015; Uzoegbu and Okon, 2017;
Adebayoet al, 2018; Dimet al.,2019). However, in cdrast few studies have been undertaken

in the western part (Benin flank) of the basin (Odedede, 2013B@i&@mo et al, 2014;
Edegbakt al, 2015; Ejeh, 2016; Asadu and Ibe, 2017; Igbinggial, 2017; Ogbamikhurret

al., 2017). Recent road construrtiat Okpekpe and Imiegba revealed new exposures, which
together with existing outcrop sections at Uzebba and Auchi localities (see Section 2.2) have
afforded a unique opportunity to study the lithofacies units of the Mamu Formation in the
western sectioof the Anambra Basin. This study, therefore, aims to unravel the provenance
of the sediments, and to decipher the paleoenvironmental and paleotectonic conditions during
the late Campaniaearly Maastrichtian stage through a higisolution evaluation of &
mineralogy, palynofacies, sedimentology and geochemistry of the Mamu Formation exposed
in this part of the basin. This investigation will provide valuable insight into the sediment
provenance and paleoceanographic conditions of the MaastrichtianSa@aran Seaway, as

well as provide valuable information that will guide exploration of fossil fuel resources in the
$QDPEUD EDVLQ HVSHFLDOO\ DV WKHUH LV UHQHZHG LQWH

onshore basins.

2.1  Geologic overview

2.1.1 Tectonics and Stratigraphy of the Anambra Basin

The Anambra BasijFig. 2.1) developed during the thermal sag phase of the Benue
Trough, which formed following the platgide inversion tectonics that occurred in the
Santonian and possibly continuing inteetMaastrichtian in the Northern Benue Trough and
Chad Basin (Nwajide, 2013; Edegledial, 2019). The inversion was a consequence of stresses
that had built up because of Afri€aurope plate interactions, resulting in different spreading

rates of the Caral and Southern Atlantic Oceans. This led to the rejuvenation of transform
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faults that run into the West African Rift System (WARS) from the-Atidntic Ridge,
resulting in a change from sinistral to dextral stigskp movement (Fairhead and Green, 998

The tectonic event, which was characterized by folding, faulting, volcanic extrusion, uplift and
exhumation of pré&Santonian sedimentary fill, was more severe in the Southern Benue Trough
(Guiraud and Bosworth, 1997) and sourced a large proportidre @riambra Basin lithic fill

(Benkhelil, 1982; Amajor, 1987b).

The Anambra Basin is about 55,000%msize and isbordered to the West, East, and
South bythe Okitipupa Ridge, the Southern Benue Trough and the Oban Massif, and the Niger
Delta Basin, repectively (Fig.2.1). The river Niger separates the basin into east and west
segments (FigR.1). Its lithic fill is part of the posBantonian Cretaceous coeval succession of
Nigeria caused by rising eustatic sea level (Rig) that led to the restablishment of the
TransSaharan Seaway, which connected the Tethys Ocean with the Atlantic Ocean through
the SokoteBida Basin route in the early Maastrichtian (@) (Edegbagt al, 2019). Using
gravity measurements and wedkta, Agagu and Adighije (1983) noted that the Cretaceous
basin fill was thicker in the eastern segment (up to 8000 m) particularly in the area around
Nzam1 well and thinned out to about 2000 m at the basin fringes in the western flank. This is

illustrated in the WE section line (Fig2.1) modified from Total (1988).

Sedimentation began with widespread deposition of the dominantly marine sediments
of the Nkporo, Owelli, and Enugu formations in the eastern section and alluvial to fluvial
sediments of the Lokoja Formation in the northern and western sections of thé\weggide,

2013). This was followed by the largely estuarine to marine sedimethisMaému Formation,
which comprise of bay, marsh, central basin, flutiddl channel, tidal flat, barrier
beach/washover fan deposits (Ladipo, 1988) as well as shorefist@re transition and open
shelf deposits (Dim et al., 2019). Thereafter, the subtidal/shallow marine Ajali Formaison
deposited (Ladipo, 1986; Umeji, 2000; and Nwajide, 2013).
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Falling eustatic sea level from miMaastrichtian to Danian time (Fig.2) led to the
depo#ion of the regressive units of the Nsukka Formation, the youngest lithostratigraphic unit
in the Anambra Basin (Nwajide, 2013). The Nsukka Formation, which has a lithostratigraphy
similar to the Mamu Formation, is better developed in the eastern seghtleatbasin where

complete sections exist (Nwajide, 2013), whereas only a thin ironstone unit capping the Ajali
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Formation represents the Nsukka Formation in the western segment (S.J.L. Coker, pers. comm.,

2016).
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Fig. 2.2. CretaceouBaleogene tectonioselution (adapted from Edegbai et al., 2@L9NVARS
= West African Rift System; black arrows indicate sea level and temperature rise.

2.1.2. Lithostratigraphy of the Mamu Formation

The Mamu Formation has been previously described as a cyclothem witlatatiggrn
marine and continental lithological units exhibiting baside variability in thickness and
facies (Ladipo, 1988; Gebhardt, 1998; Nwajide, 2013). This study, however, hypothesizes that
estuarine depositional conditions are responsible for the wieksdfacies variability (Reinson,
1992; Boydet al, 2006). The age of the sediments varies from late Campanian to early
Maastrichtian in the south to middle Maastrichtian in the north (Zaborski, 1983; Gebhardt,
1998). Simpsoim Nwajide (2013) reported a thickness of up to 100 m in Enugu (in the eastern
segment), while up to 20 m have been reported from outcrops in the western segment. However,
subsurface data (Total, 1988) reveal thickness in excess of 600 m in the eastent gktitae

basin (Fig2.4a).
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Fig. 2.3. Conceptual early Maastrichtian paleogeography of Nigeria (Edegbai et al.ap019

Five mudstone dominated sequences, each with the following units: basal shale/sandy
shale unit overlain by sandstone, carbonacebale scoal, and sandy shale at the top were the
initial units identified (Simpsoim Nwajide, 2013). Limestone and ironstone units have also
been described (Akande and Micke, 1993; Gebhardt, 1998). Nwajide (2013) observed that coal
beds were better develegp at the base of the successions, interpreted to indicate gradual
transitioning to open strand plain depositional condition. Based on facies analysis, Agteniran
Gebhardt (1998) and Ladipo (1988) suggested that the sediments were deposited inta tidal fla
estuarine setting. SimpsamNwajide (2013) and Salami (1990) preferred shallow freshwater
swamp/marsh conditions based on palynology, whereas deltaic depositional conditions were
favored by Murat (1972), Petters (1978), Petters and Ekweozor (1982heRay Salami
(1990) and Gebhardt (1998) based on regional studies and micropaleontology. Recently, Dim

et al (2019) identified eleven lithofacies based on facies analysis from outcrops in the eastern
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segment representing depositional environments vgufyam brackish water lagoons/swamp

to open shelf.

2.2  Methodology

Fieldwork was conducted on outcrop sections at Okpekpe, Imiegba, Uzebba and Auchi
in the Benin Flank, western Anambra Basin §Fitda, b). The Okpekpe, Imiegba and Uzebba
sections (composite) approximate part of the basal teseution of the Mamu Formation,
while the Auchi section approximates the top of the Formation. Several studiesdigyi
1989; Teme, 1991; NGSA, 2006 (Fi4b); Imeokparia and Onyeobi, 2007; €Baraimoet
al., 2014; Edegbai and Emofurieta, 2015; Ejeh, 2016) previously established the stratigraphic
control of the outcrops chosen for this study. Detailed descriptions and logging of outcrops
were carried ou prior to selecting samples for particle size and petrographic studies,
palynofacies, mineralogical and geochemical analyses. Characterization of lithofacies units
subsequently was achieved after integrating data from outcrop descriptions with paeicle si
petrographic, palynofacies, mineralogical and geochemical analyses. Following these analyses
paleoenvironmental, proximdlistal relationships, paleosalinity, provenance and

paleotectonics were inferred.

2.2.1. Sedimentological analysis

A few mudstonesamples selected for microfacies analysis were cut into billets and
made into thin sections at Precimat (precimat.com), Carrollton Texas 75006, USA. One
hundred and sixtgix samples selected for grain size analysis were disaggregated by hand and
soaked indeionized water. In addition, sodium hexametaphosphate (Calgon) was added as a
dispersant to prevent flocculation of clay particles before subsequent particle size
measurements were carried out using a Microtrac S3500 laser diffraction analyzer at the

Missouri University of Science and Technology (Missouri S&T). The raw data were used to
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plot cumulative frequency curves from which the percentages of clay, silt and sand fractions,
as well as statistical dataincluding inclusive graphic standard deviati@orting), graphic
mean, skewness, kurtosis and median (Folk, 19%d@re determined. Textural analysis data
were integrated with results from outcrop and microfacies studies, for a comprehensive

sedimentological characterization.
2.2.2. Palynofacies angkis

Eighty-one samples (eight of which were composite samples) were selected for
palynofacies analysis. Kerogen slides were prepared at Missouri S&T following standard
palynological slide preparation technique detailed by Traverse (2007). Approximatgly 15
from each sample was treated in HCl and HF to eliminate carbonates and silicates, respectively.
The residue was washed several times, screened with ®1Q\ORQ VLHYH DQG VXE\
permanently mounted on slides sealed with Depex. Identificatidineofarious groups was
carried out using transmitted light microscopy, followed by point counting a minimum of 300
particulate organic matter (POM) and palynomorphs per sample (except in barren samples) and
subsequent normalization to 100%. A simplifiedsslification scheme for the palynomorph
groups and POM was adapted for this study as follows: phytoclasts (woody ameody
debris, cuticles, terrestrial amorphous organic matter), palynomorphs (marine palynomorphs
[dinoflagellate cyst, acritarch andréominiferal test linings], sporomorphs [pollen and spores]

and fungal remains), and aquatic amorphous organic matte2(b)g.
2.2.3. Mineralogical analysis

An acid test (5% HCI) was carried out on all the samples before selecting ninety
samples for fuher mineralogical analysis usingrdy diffraction (XRD). Selected samples
were oven dried at 4G for 48 hours and manually ground into powder using an agate mortar.

XRD analysis was performed with a PANalytical X'Pert Pro ruutipose Diffractometer at

51



OLVVRXUL 6 7 XVLQJ &X.. UDGLDWLRQ RSHUDWHG DW N9
and a fixed 0.38 mm divergence slit. The samples were scanned from 5 tetB@tavdegrees

using 0.026+degree steps and counted for 86.19 secs per step. Mineral tatioes where
normalized to 100% after modelling the data using a Highscore controlling software with

histogrammatching algorithm and Rietveld phase quantification method.
2.2.4. Geochemical analyses

One hundred and thirtthree samples were analyzéat major and trace element
concentrations at Bureau Veritas Mineral Laboratories (AcmeLabs), Vancouver, Canada, using
X-ray fluorescence (XRF) and inductively coupled plasma mass spectrometri18LFFor
the XRF analysis, approximately 5 g of powdenpke was oven dried at 185 and fused into
a platinum mold with a commercial lithium tetraborate flux before subsequent analysis by a
PANalytical Axios Max XRF. For the IGRIS analysis, approximately 0.25 g of powder
sample was (near totally) digested tweé multiacid solution comprising ¥0-HF-HCIOs-

HNO3z with 2:2:1:1 proportions, respectively. HCI (50%) was added to the residue before
heating using a mixing hot block and allowed to cool. The cooled solution was analyzed by a

PerkinElmer ELAN 9000 ICRMS.
2.3. Results

The results of the particle size distribution, palynofacies characterization, mineralogical

FKDUDFWHUL]DWLRQ DQG JHRFKHPLFDO ZKOUDFWHUL]DWLEF
2.3.1. Particle size distribution

Six sediment groups were identified from a ternary plot of clay %, silt % and sand %
(Fig. 2.6a) (Lazart al D VDQGVWRQH 6V FfARCGRMMES (B - VL
muddy sandstone (mSs) composed 6789 sanesized particles; (c) sandy mstone (SMs)

composed of 289% sandVL]HG SDUWLFOHYVY G FRDUVH PXGVWRQH F
52



particles of which 67% are siV L]H G H PHGLXP PXGVWRQH POV FRPS
particles of which 3&%6% are claysized; and (f) fine mudstone fM FRPSRVHG R - ILC
particles of which 67% are clesized. The mMs and sMs sediment groups are the most
dominant mudstone groups, whereas only a few were classified as fMs. A bivariate plot of

skewnesws.sorting (Fig.2.6b) reveals that majority aamples are poorly sorted.

2.3.2. Palynofacies characterization

Ternary plots of relative abundances of amorphous organic matter, phytoclasts and
palynomorphs (APP, Fig2.6c), spores, microplankton and pollen (SMP, FEdd), and
phytoclast abundanceguartz and clay (PQC, Fi@.6e) of mudstone samples illustrates the
relationship between palynofacies, mineralogy and proximality (Tyson, 1995; Bbtaér
2005). The phytoclast group is the most dominant of the palynological organic matter in the
mudgones, varying from 37.2% to 100 % of total organic constituents (Palde Fig.2.6c¢).

The palynomorphs vary from 0% to 60.6% of total organic constituents, whereas the aquatic
amorphous organic matter is the least abundant in the mudstone samples frangi 0% to

19.81% (Table&.1a, Fig.2.6c).

2.3.3. Mineralogical characterization

The HCl test showed that all samples were devoid of calcite. XRD results reveal quartz
and kaolinite as the dominant minerals in the samples. Other minerals identified include illite,
pyrite and goethite in accessory amounts (Appehdizxd; Table2.1a).Following an amended
guideline of mineralogical analysis of mudstones by La&taal (2015), the samples were
characterized into four classes (Rg. H D $UJLOODFHRXV $5 FRQVLVWLQ
(b) ArgillaceousSiliceous (ARSI) consisting 650-74% total clay; (c) SiliceouArgillaceous
(SI-AR) consisting of 2519% total clay; and (d) Siliceous (SI) comprising <25% total clay.

The quartzvs. total clay bivariate plot show that the mudstone units arerathywith total
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clay varying from ARto SFAR, whereas the sand units are rich in quartz varying fromFRSI

to SI (Fig.2.6).
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&

Fig. 2.5. Photomicrographs showing various types of particulate organic matter components
and palynomorphs.

2.3.4. Geochemistry

The results of the geochemical assay (Tahld) show SiQandAl.Os as the most
abundant major oxides in the samples analyzed, varying from 11.6 % to 95.2 % and 2.4 % to
33.6% respectively. 54.9 % and 39.8 % of the samples fall below the average upper continental
crust (UCC, McLennan, 2001) for SIQUCC = 65.9 %)and AbOs (UCC = 15.2 %)
respectivelyln addition, the NgO, CaO, MgO, and ¥O concentration of the samples are low
when compared with the average UCC (UCC =6.18 %, 4.1 %, 2.2 %, and 3.37 % respectively).
80.5 % and 78.2 % of the samples are below the averageoE203 (UCC =5 %) and MnO
(UCC = 0.0077 %) respectively, whereas 85 % of the samples exceed the average UCC for

TiO2 (UCC = 0.68 %).

The majority of the samples have Zr, Hf and Y (i.e. 95.5 %, 97 %, and 63.9 %
respectively) lower than the average tbe UCC (i.e. 190 ppm, 5.8 ppm, and 22 ppm,
respectively; Tabl@.1b). In contrast Nb, Ta, Th, U and La (86.5 %, 84.2 %, 91.2 %, 91%, and
82.7 % respectively) of most of the samples (especially the mudstones) exceed the UCC value

of 12 ppm, 1 ppm, 10.7pm, 2.8 ppm, and 30 ppm respectively. 53.4 % and 59.4 % of the
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samples show a respective Cr and V content above the UCC (i.e. 83 ppm and 107 ppm
respectively). Furthermore, 82.7 % and 81.2 % of the samples fall below the UCC for Ni (i.e.

44 ppm) and Co @. 17 ppm), respectively.
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Fig. 6. a, SikSandClay ternary plot (adapted from Lazar et al., 2015); b, skewness vs. sorting
bivariate plot; c,d,e, APP, SMP (Tyson, 1995) and PQC ternary plots showing palynofacies
distribution and proximabistal relatiorships between the central basin, marsh and bay
environments; f, Total quartz vs. total clay bivariate plot (modified from Lazar et al., 2015).

2.4. Discussion
2.4.1. Lithofacies characterization

Data integration from outcrop descriptions, sedimentological, mineralogical, and
palynofacies analyses resulted in the identification of seven lithofacies. Graphic logs of the

four measured sections are presented in Riga.-- d.
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2.4.1.1 Lithofacies 1L{1): Dark mudstone

This lithofacies comprises dark coloured and poorly sorted mudstone displaying planar,
lenticular, wavy, and curved laminations, weak to moderate bioturbation PFigd, 2.8a,
2.8Db), AR, ARSI, SFAR and SI compositions, and rangesturally from fMs to mSs (Figs.
2.6f, 2.6a). Articulate brachiopod and gastropod molds, as well as iron concretions were
observed in the Imiegba and Uzebba, and Okpekpe sections, respectivelf.{lgs2.8c).
In addition, L1 contains sand sized mosite and phytoclasts concentrated on lamina planes,

and often showed normal or reverse grading in grain size.

Three microfacies types (Fig83.8b1-b6) were identified based on observations from
mudstone billets and thin sections. These microfacies graongight on the varying proximal
GLVWDO VHWWLQJY DQG GHSRVLWLRQDO FRBQIGIOWIRQV 2%

L1.

24.1.1.1 Dark coloured planar to wavy laminated microfacies (M1)

This microfacies is typically weakly bioturbated and is characteristically planar to wavy
laminated (Figs2.8b1,2.8b2), varying texturally from fMs to mMs. The fabric generally is
AR, (Fig. 2.6f) and has the lowest frequency of occurrence among thertticeafacies. M1
is interpreted as deposits of slow, continuous sediment accumulation in a single depositional
event arising from low energy suspension settling (vertical accretion) in more distal deeper
water condition (Lazaet al, 2015).
24.1.1.2 Dak coloured lenticular to wavy laminated microfacies (M2)

This microfacies is typically weakly to mildly bioturbated and characteristically
lenticular to wavy thickly laminated/thin bedded (Fig8b3,2.8b4), varying texturally from

mMs to sMs. The fabric is AR to ABI (Fig.2.6f) and has the highest frequency of occurrence
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among the three microfacies. M2 is interpreted as deposits that accumulated under intermediate

condition between M1 and M3 (Lazaitral., 2015).
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Fig. 2.8 a, Imiegba section showing te&atigraphic relationship between L1, L2, L5 and L6.
Note the shedike geometry of L2 and channel geometry of L5. The black triangle indicates
normal grading of L5 to L6. b1,b2, hand specimen and photomicrograph of dark coloured
planar to wavy laminatethicrofacies (M1). Note the very thin to indistinct laminations. b3,b4,
hand specimen and photomicrograph of dark coloured lenticular to wavy laminated
microfacies. Notice the grading and mild bioturbation. b5,b6, hand specimen and
photomicrograph of darkoloured, wavy to curve laminated microfacies (M3). Notice the
moderate bioturbation and soft sediment deformation (ball structure typical of high rate of
sedimentation). c, Closgp on L1 (Imiegba section) showing brachiopod molds indicated with
red broken lines. d, Okpekpe section showing the stratigraphic position of L1, L2, L3 and L4.
Notice the shedike geometry of L2 and L3. e, close up on L1 showing weak to mild
bioturbation Skolitho$ of L3. f, Closeup on L1 and L4. Note the erosive contactid broken

lines separating the top of L4 from the bottom. Green arrows indicate solution cavities. g1,
Top of L4 with more iromxide content, less compacted and larger ooid diameters. g2, Bottom
of L4 with lower iroroxide content, more compacted and deradoid diameters. h, closap
section showing the stratigraphic between L5 and L1. Note the erosive base of L5. i, close up
of Imiegba section showing the stratigraphic contact between L5, L1 and L2. j, Amalgamated
L5-units with sharperosive base and ehnel geometry. The red broken lines separate the
individual L5 units. The blue arrow indicates reworked mudstone and intraclasts from
underlying L1, which impart a grey colour on L6. k, Auchi section showing L7. |, Hand
specimen of L6 at the Auchi sect&irowing wavy ttenticular laminations/bedding.
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Table2.1 a, Table showing raw data from laser diffraction, XRD, and palynofacies counts used for particle size analysis, minetsdogatatization, and
palynofaciescharacterization respectively. Composite samples used for palynofacies characterization are shadedjo, Jigyle showing raw data used

for geochemical characterization (IS and XRF). Note average elemental values for Turonian sand, Turonianasida&lbian shale, Precambrian

basement rocks and UCC obtained from Igwe (2017), Amajor (1987b), Imarhiagbe (2017), and McLennan (2001) respectivilybtairda from ICP

06 $YHUDJH HOHPHQWDO GDWD IRU 7XURQLDQ DQE $O0OEMLHWDYVYKOHIOHH REQY\W DQHGDWRBR AR OMBR
,JZH $YHUDJH HOHPHQWDO GDWD IRU 3UHFDPEULDQ EDV H PaMe@age Upderi-dontinghtaW¢emdt QHG U F
(McLennan, 2001); Chemical index of alterati@A=(Al.Os/(Al20s+Ca0+Na0+K>0)x100) (Nesbitt and Young, 1982); Index of compositional variability

(ICV = (Fe0s + Kz0 + N&0 + CaO + MgO + MnO + TiQ)/Al.03) (Cox et al., 1995).

Table 2.1a
Particle size analysis - Palynofacies Characterizaii Mineralogical Characterization
] = S ks AR
o = — c = —_
X ° 4 g 3 & ° g § o E c £ 88 SE &) 2 ES © ]
S o 2 = pe= |2 = > 58 85 g @2 y | E s | 2] © So
2 S |z 3 258 | = & & 25 |85 S| > 8 | g 3 |S| ® g3
@ = & ~ ©Sg | O o o 03z a3 21 B S S 2 S 2 £09
SN Lithofacies n (%) (@) %) £ 50 < > > o Sa S=0o | Sa (04 N2 = o = =o
Ul IA L1 | Marsh 8.0 68.0 | 24.0 2.10 0.20 1.99 5.71 92.31 47.83 17.39 | 0.0 34.78 66 29 5 0 34 SI-AR
Ul1B 225 | 575 | 20.0 2.64 -0.06 1.21 6.05 92.74 86.67 0.0 0.0 13.33 - - - - - -
ul1ic 4.0 615 | 345 2.17 0.21 1.35 7.43 91.22 77.27 9.09 0.0 13.64 | 72.3 | 16.8 | 8.9 0 | 257 | SFAR
Ul 2A 24.0 52.0 | 24.0 2.95 0.09 1.17 15.18 83.66 76.92 20.51 | 2.56 0.0 54 26 14 0 40 SI-AR
Ul 2B 28.0 56.0 | 16.0 2.26 0.27 0.35 13.54 86.11 58.97 25.64 | 0.0 15.38 71 22 7 0 29 SI-AR
ul2C 40.0 | 50.0 | 10.0 1.93 0.31 1.01 16.50 82.49 65.31 18.37 | 0.0 16.33 62 20 15 0 |35 SIFAR
Ul 3A 0.0 40.0 | 60.0 1.11 -0.04 0.65 10.42 88.93 62.50 18.75 | 0.0 18.75 | 58 29 13 0 |42 SFAR
Ul 3B 0.0 72.0 | 28.0 1.53 0.25 0.66 11.15 88.20 70.59 2.94 2.94 23.53 | 49 37 14 0 |51 AR-SI
Ul 5A 18.0 | 57.0 | 25.0 2.78 -0.05 1.32 10.20 88.49 74.19 9.68 16.13 | 0.0 455 | 475 | 7 0 | 545 | AR-SI
Ul5B 0.0 28.0 | 72.0 0.95 0.0 0.65 9.06 90.29 75.0 14.29 | 7.14 3.57 30 57 13 0 |70 AR-SI
Ul 6A 10.0 | 60.0 | 30.0 2.20 -0.12 0.48 15.87 83.62 71.21 9.09 9.09 10.61 | 43 45 12 0 |57 AR-SI
Ul 6B 19.0 | 58.0 | 23.0 2.52 -0.15 0.48 15.87 83.62 71.21 9.09 9.09 10.61 - - - - - -
Ul7A 0.0 60.0 | 40.0 1.54 -0.07 2.63 9.54 87.83 62.07 20.69 | 10.34 | 6.9 42.6 | 27.7 | 26.7 0 544 | AR-SI
Ul7B 0.0 65.0 | 35.0 1.55 0.06 2.63 9.54 87.83 62.07 20.69 | 10.34 | 6.9 - - - - - -
Ul 8A 6.5 52.5 | 41.0 2.22 -0.12 1.99 5.96 92.05 88.89 0.00 11.11 | 0.0 455 | 454 | 9.1 0 | 545 | AR-SI
Ul 8B 37.0 | 51.0 | 12.0 2.52 -0.08 0.65 8.74 90.61 81.48 14.81 | 0.0 3.7 62 26 12 0 |38 SIFAR
u18cC 28.0 | 49.0 | 23.0 3.22 0.13 0.65 8.74 90.61 81.48 14.81 | 0.0 3.7 72 18 9 0 |27 SIFAR
Ul 8D 10.0 | 50.0 | 40.0 2.34 -0.16 1.26 8.83 89.91 50.0 10.71 | 3.57 35.71 62 20 18 0 |38 SIFAR
Ul 9A 5,50 | 56.5 | 38.0 1.90 -0.12 1.26 8.83 89.91 50.0 10.71 | 3.57 35.71 39 45 16 0 |61 AR-SI
Ul 9B 36.0 46.0 | 18.0 2.37 0.34 1.60 11.82 86.58 83.78 541 541 5.41 45 39 14 0 53 AR-SI
u19C 0.0 64.0 | 36.0 1.57 0.49 1.95 7.82 90.23 66.67 29.17 | 0.0 4.17 39 44 17 0 |61 AR-SI
Ul 10 15.0 | 45.0 | 40.0 2.96 -0.45 2.17 25.47 72.36 81.71 13.41 | 0.0 4.88 24 61 13 0 |74 AR-SI
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U118 13.0 | 42.0 | 45.0 2.54 0.89 2.92 7.47 89.61 78.26 17.39 | 0.0 4.35 27 62 11 0 |73 AR-SI
U119 20.0 | 45.0 | 35.0 2.44 0.38 3.61 8.85 87.54 48.15 25.93 | 3.70 22.22 37 50 13 0 | 63 AR-SI
AU-la 8.0 50.0 | 42.0 2.32 -0.11 0.0 10.88 89.12 40.43 36.17 | 12.77 | 10.64 60 27 3 0 |30 SI-AR
AU-1b 24.0 | 20.0 | 56.0 3.62 -0.30 0.0 2.63 97.37 33.33 16.67 | 8.33 41.67 32 56 12 0 | 68 AR-SI
AU 2 4.0 43.0 | 53.0 2.15 -0.18 0.0 1.30 98.70 66.67 16.67 | 0.0 16.67 404 | 455 | 3.1 0 | 48,6 | SFAR
IM 2B L1 | CentralBasin| 39.0 | 34.0 | 27.0 -0.19 3.00 2.65 38.74 58.61 25.64 28.21 | 42.74 | 3.42 23 60 16 0 | 76 AR
1M 2C 120 | 63.0 | 25.0 0.04 3.05 2.61 34.53 62.87 25.47 2453 | 47.17 | 2.83 - - - - - -

1M 2D 38.0 | 32.0 | 30.0 -0.26 3.14 3.94 41.21 54.85 21.32 30.88 | 44.12 | 3.68 25 55 18 0 |73 AR-SI
1M 2E 6.50 | 46.5 | 47.0 -0.16 2.18 3.33 25.33 71.33 3.95 59.21 | 30.26 | 6.58 40 40 19 0 |59 AR-SI
IM 4A 36.0 | 39.0 | 25.0 -0.17 2.99 1.65 15.18 83.17 8.70 58.70 | 21.74 | 10.87 48.5 | 30.3 | 12.1 0 | 424 | SIAR
IM 11A 42.5 | 425 | 15.0 0.23 2.58 1.31 31.05 67.65 1.05 25.26 | 72.63 | 1.05 15 67 11 0 | 78 AR
IM 11B 340 | 410 | 25.0 -0.65 2.92 3.32 46.18 50.50 2.16 28.06 | 69.06 | 0.72 218 | 634 | 11.8 0 | 752 | AR
IM11C 18.0 | 420 | 40.0 -0.35 2.79 2.89 23.47 73.63 1.37 3425 | 63.01 | 1.37 475 | 33.7 | 16.8 0 | 505 | AR-SI
IM 13A 45.0 | 35.0 | 20.0 0.13 2.81 4.90 19.61 75.49 3.33 38.33 | 53.33 | 5.0 91 9 0 0 |9 Sl
1M 13B 25.0 | 43.0 | 32.0 -0.34 2.98 2.29 17.32 80.39 11.32 35.85 | 49.06 | 3.77 15 64 18 0 | 82 AR
IM 14A 13.0 | 50.0 | 37.0 -0.20 2.24 3.59 37.91 58.50 1.72 15.52 | 81.90 | 0.86 455 | 384 | 121 0 | 505 | AR-SI
IM 16A 50.0 | 270 | 23.0 0.89 3.12 0.00 60.24 39.76 2.61 2484 | 71.90 | 0.65 35 49 15 0 | 64 AR-SI
IM 16B 10.2 | 43.8 | 46.0 -0.27 2.38 6.48 45.06 48.46 5.48 15.75 | 78.08 | 0.68 9 71 11 0 | 82 AR
1M 16C 0.0 490 | 51.0 0.09 1.60 7.57 51.74 40.69 3.05 28.66 | 68.29 | 0.0 25.9 | 56.8 | 19.2 0 | 76 AR
1M 16D 36.0 15.5 | 485 -0.39 3.91 10.4 52.37 37.22 3.01 28.31 | 67.47 | 1.20 31 50 18 0 | 68 AR-SI
IM 18a 57.0 | 30.0 | 13.0 0.52 2.42 19.8 0.65 79.55 0.0 50.0 50.0 0.0 52 31 17 0 | 48 SI-AR
IM 18C 24.0 | 36.0 | 40.0 -0.27 3.66 3.27 30.39 66.34 3.23 37.63 | 56.99 | 2.15 34 51 14 0 | 65 AR-SI
IM 19A 0.0 19.0 | 81.0 0.06 1.20 0.97 36.57 62.46 0.0 28.32 | 69.03 | 2.65 6.9 713 | 21.8 0 931 | AR
IM 19B 0.0 28.0 | 72.0 -0.03 142 1.95 60.59 37.46 0.54 8.06 91.40 | 0.00 13.1 | 67.7 | 18.2 0 | 859 | AR
IM 19D 54.0 17.0 | 29.0 0.93 3.59 6.60 42.57 50.83 1.55 17.83 | 79.84 | 0.78 10.1 | 70.7 | 17.2 0 | 879 | AR
IM 19E 0.0 30.0 | 70.0 -0.02 141 12.34 | 9.42 78.25 0.0 34.48 | 62.07 | 3.45 14 64 22 0 | 86 AR
IM 2A 13.5 | 44.0 | 425 -0.27 2.76 - - - - - - - 60 29 7 0 | 36 SI-AR
IM 4B 28.0 | 42.0 | 30.0 -0.25 3.04 - - - - - - - 31 51 16 0 | 67 AR-SI
IM 14B 0.0 50.0 | 50.0 -0.25 3.04 - - - - - - - - - - - - -

IM 14C 0.0 50.0 | 50.0 0.10 1.26 - - - - - - - 9 72 9 0 |81 AR
IM 18B 48.0 18.0 | 34.0 0.25 3.59 - - - - - - - - - - - - -

IM 19C 0.00 | 27.0 | 73.0 0.07 1.25 - - - - - - - 8 60 17 0 |77 AR
OK7A L1 | Bay 4.10 | 69.9 | 26.0 -0.04 1.66 0.0 9.28 90.72 80.0 0.04 10.0 6.0 26 59 15 0 |74 AR-SI
OK 7B 35.0 | 49.0 | 16.0 0.07 2.68 0.0 9.28 90.72 80.0 0.04 10.0 6.0 12 7 81 0 | 88 AR
oK 7C 20. 64.0 | 16.0 -0.09 2.19 0.0 6.58 90.86 77.55 0.20 2.04 0.0 1 71 17 0 | 88 AR
OK 7D 8.00 | 68.0 | 24.0 -0.12 1.77 0.0 6.58 90.86 77.55 0.20 2.04 0.0 2 74 17 0 |91 AR
OK7E 29.0 | 56.5 | 14.5 -0.38 291 0.19 28.44 71.38 72.55 0.12 131 14.38 14 56 30 0 | 86 AR
OK 7F 5.0 55.0 | 40.0 -0.18 1.66 0.0 14.89 85.11 71.60 0.15 0.0 13.58 4 55 38 0 |93 AR
OK 7G 240 | 60.0 | 16.0 0.20 1.99 0.0 11.66 88.34 67.50 0.23 0.0 10.0 48.5 | 34.7 | 15.8 0 | 505 | AR-SI
OK 7H 26.0 | 46.0 | 28.0 0.10 2.72 - - - - - - - 41 46 13 0 |59 AR-SI
OK 71 35.0 | 36.0 | 29.0 -0.28 3.26 0.49 11.11 88.40 71.11 0.18 8.89 2.22 27 52 11 0 | 63 AR-SI
OK7J 11.5 | 445 | 440 -0.24 2.31 0.49 11.11 88.40 71.11 0.18 8.89 2.22 26 61 13 0 |74 AR-SI
OK 9 47.5 28.5 | 24.0 0.05 2.99 0.0 3.21 96.79 33.33 0.33 25.0 8.33 12 65 23 0 | 88 AR
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OK 11A 25.0 | 43.0 | 32.0 -0.31 2.38 0.0 0.61 99.39 0.0 0.0 0.0 100.0 | 22 58 18 0 |76 AR
OK11B 14.0 42.0 | 44.0 -0.42 2.39 0.0 0.23 99.77 100.0 0.0 0.0 0.0 11 60 18 0 78 AR
OK 13A 35.0 44.0 | 21.0 0.39 2.34 0.0 1.14 98.86 100.0 0.0 0.0 0.0 39 46 13 0 59 AR-SI
OK 13B 10.0 | 58.0 | 32.0 -0.18 2.13 0.0 1.34 98.66 40.0 0.0 0.0 60.0 27.7 | 59.4 | 12.9 0 | 723 | AR-SI
OK 15 44.0 | 42.0 | 14.0 0.54 2.13 0.0 1.21 98.79 20.0 0.20 60.0 0.0 70 21 9 0 |30 SIFAR
OK 17 74.0 23.0 | 3.0 0.52 2.16 0.0 8.44 91.56 77.5 0.10 5.0 7.5 525 | 347 | 9.8 0 445 | SFAR
OK 19A 44.0 | 42.0 | 14.0 0.12 1.99 0.0 0.64 99.36 0.0 0.0 0.0 100.0 | 475 | 434 | 8.1 0 [ 515 | AR-SI
OK 19B 18.0 | 57.0 | 25.0 -0.12 2.06 0.0 0.0 100.0 0.0 0.0 0.0 0.0 20 54 26 0 | 80 AR
OK 21A 60.0 330 | 7.0 0.55 2.13 0.0 6.21 93.79 45.45 0.09 0.0 45.45 61 24 13 0 37 SI-AR
OK 21B 10.5 | 60.0 | 29.50 | -0.24 2.31 0.0 0.0 100.0 0.0 0.0 0.0 0.0 56 37 7 0 |44 SIFAR
OK 24A 76.0 240 | 0.0 0.39 2.18 0.59 5.29 94.12 77.78 0.22 0.0 0.0 36 51 13 0 64 AR-SI
OK 24B 40.0 42.0 | 18.0 0.59 2.02 0.0 0.65 99.35 50.0 0.0 0.0 50.0 64 29 7 0 36 SI-AR

Uuiob | L2 Thin sheet 60.0 | 26.0 | 14.0 0.57 1.84 - - - - - - - 50 36 3 0 |39 SIFAR
IM -3 like coarse 93.0 | 5.0 2.0 0.46 1.17 - - - - - - - 76 20 0 0 |20 SI
IM- 15 sandy 66.0 | 32.0 2.0 0.84 1.83 - - - - - - - - - - - - -

OK- 10 mudstone 56.0 | 25.5 | 18.50 0.55 2.79 - - - - - - - - - - - - -

OK-12 80.0 | 20.0 0.0 0.11 0.52 - - - - - - - - - - - - -

OK-14 47.0 | 43.0 | 10.0 0.53 1.93 - - - - - - - - - - - - -
OK-16 74.0 | 23.0 3.0 0.30 1.11 - - - - - - - - - - - - -

OK-18 18.0 | 57.0 | 25.0 0.08 2.33 - - - - - - - - - - - - -

OK- 20 76.0 | 24.0 0.0 -0.19 0.53 - - - - - - - - - - - - -

OK- 22 645 | 340 | 1.50 0.05 0.92 - - - - - - - - - - - - -

OK- 25 82.0 | 18.0 0.0 -0.06 0.53 - - - - - - - - - - - - -
AU-3 95.0 | 3.0 2.0 0.07 1.15 - - - - - - - - - - - - -
AU-6 44.0 | 41.0 | 15.0 -0.30 2.70 - - - - - - - - - - - - -
AU-8 36.0 | 34.0 | 30.0 -0.02 2.99 - - - - - - - - - - - - -

OK 8A L3 | Thin sheet| - - - - - - - - - - - - - - - - - -

OK 8B like sandy| - - - - - - - - - R R - - - - - R -

OK 23A mudstone - [ - B - _ _ _ B _ _ R R _ _ _ _ _ R _

OK 23B muddy - - - N N N - N - - - - - - - - - -

OK 23C sandstone _ _ - _ _ _ _ _ _ R R _ _ _ _ B R B

Ul 4A L4 Oolitic 0.0 53.0 | 47.0 0.03 2.01 - - - - - - - 545 |1 327 | 0 0 32.7 | SFAR
Ul 4B Ironstone and| 0.0 56.0 | 44.0 0.07 2.05 - - - - - - - 50 43 0 0 |43 SIAR
OK 6A Ferich 86.0 12.0 | 2.0 0.23 1.72 - - - - - - - - - - - - -

OK 6B mudstone 16.0 72.0 | 12.0 0.28 1.64 - - - - - - - 414 | 384 | 0 0 38.4 | SFAR
OK 6C 42.5 | 48,5 | 9.0 0.0 2.52 - - - - - - - 0 0 0 0|0

OK 6D 50.0 | 42.0 | 8.0 0.14 2.51 - - - - - - - 1 228 | 0 0 | 228

Im-12 72.0 210 | 7.0 0.65 2.05 - - - - - - - - - - - - -
Im-17 10.0 43.0 | 47.0 -0.21 2.74 - - - - - - - - - - - - -

OK 1A 40.0 | 42.0 | 18.0 | -0.17 | 2.99 - - | - - - - - ) | ) | j | j | - | -
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L5 | Channel 5.0 75.0 | 20.0 -0.52 1.52 - -

& | Sand/Clay
OK 1B L6 - - - -
oK 1C 38.0 | 46.0 | 16.0 0.04 244 - - - B R B
OK 3A 78.0 | 16.0 | 6.0 0.54 2.83 - - - B - B
OK 3B 88.0 | 8.0 4.0 0.59 1.67 - - - B R B
OK 4A 100 0.0 0.0 0.03 0.85 - - - B R B
OK 4B 86.0 | 125 | 15 0.37 1.59 - - - B - B
OK5 720 | 255 | 25 0.69 211 - - - B B B
IM 1A 27.0 | 46.0 | 27.0 -0.08 2.90 - - - B R B
IM 1B 65.0 | 25.0 | 10.0 0.79 2.40 - - - - - B
IM 1C 93.5 | 6.50 | 0.0 0.42 1.08 - - - B - B
IM 1D 87.0 | 8.0 5.0 0.54 1.61 - - - B R B
IM 1E 36.5 | 425 | 21.0 0.25 2.81 - - - B - B
IM 20 56.0 | 25.0 | 19.0 0.5 2.82 - - - B R B
IM 21A 81.0 | 13.0 | 6.0 0.49 1.89 - - - B - B
IM 21B 88.0 | 12.0 | 0.0 0.33 1.04 - - - B - B
IM 21C 4.10 | 625 | 334 -0.06 1.62 64 23 13 0 | 36 SFAR
IM 22 73.0 | 18.0 | 9.0 0.74 2.65 - - - B R _
IM 23A 56.0 | 20.0 | 24.0 0.59 3.32 - - - B - B
IM 23B 30.0 | 32.0 | 38.0 -0.20 3.53 - - - B R B
IM 23C 10.0 | 38.0 | 52.0 -0.37 2.26 - - - B R B
AU-10A 96.0 | 1.50 | 2.50 0.11 0.81 - - - B - B
AU-10B 53.0 | 22.0 | 25.0 0.62 3.21 - B - B R B
AU-10C 85.0 | 75 7.50 0.54 1.90 - - - B R B
OK-1d 52.0 | 34.0 | 14.0 0.39 2.60 - - - B R B
OK-2b 30.0 | 54.0 | 16.0 0.11 2.32 - - - B R _
IM 5D 90.0 7.50 | 2.50 0.52 1.57 374 | 485 | 15.2 0 | 63.7 | AR-SI
IM 5A 79.0 | 140 | 7.0 0.54 2.21 - - - B R B
IM 5B 86.5 | 850 | 5.0 0.49 2.07 - - - B R _
IM 5C 92.0 | 6.0 2.0 0.44 1.36 - - - B R _
IM 5E 54.0 33.0 | 13.0 0.46 2.34 61 24 8 o | 32 SI-AR
IM 7 59.0 36.0 | 5.0 2.01 0.49 68 24 8 0 | 32 SI-AR
IM 8A 46.0 | 42.0 | 120 2.3 0.36 21 52 27 0 |79 AR-SI
IM 9A 68.0 | 30.0 | 2.0 1.87 0.29 628 | 27.3 | 9.1 0 | 364 | SIAR
IM 8B 88.0 | 12.0 | 0.0 0.94 0.15 B B - B R _
IM 9B 75.0 | 21.0 | 40 1.82 0.66 - - - B R _
IM 6A 55.0 | 35.0 | 10.0 2.22 0.34 - - - B R B
IM 6B 56.0 | 315 | 125 247 0.58 - - - - R _
IM 10A 64.0 | 29.0 | 7.0 0.16 1.49 - - B B R _
IM 10B 96.0 | 4.0 0.0 0.02 1.04 - - - - R B
AU-11A | L7 | Heterolithics | 13.0 | 61.0 | 26.00 | 0.42 2.47 - B B B R _
AU-11B 2.0 67.0 | 31.0 0.38 1.98 - - - B R _
AU-11C 8.0 66.0 | 26.0 0.33 2.29 - - - B - B
Ulill 90.0 | 8.20 | 1.80 0.37 1.03 50 39 1 0 | 40 SIAR
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U114 72.0 19.0 | 9.0 0.66 1.50 - - - - - - - - - - - -
U117 0.0 46.0 | 54.0 -0.04 1.75 - - - - - - 50 39 11 0 | 50 AR-SI
AU-4a 2.0 58.0 | 40.0 0.18 1.98 - - - - - - 54 38 8 0 46 SIFAR
AU-4B 11.0 | 38.0 | 51.0 -0.31 2.66 - - - - - - 48 31 17 0 | 48 SI-AR
AU-5 1.0 55.0 | 44.0 0.51 1.88 - - - - - - 54 31 15 0 | 46 SI-AR
AU-7 1.0 44.4 | 54.6 -0.14 1.88 - - - - - - 48 40 10 0 50 AR-SI
AU-9 4.0 42.0 | 44.0 -0.12 1.92 - - - - - - 58.6 | 28.3 | 3.1 0 31.4 | SIFAR
AU 11D 56.0 | 34.0 | 10.0 -0.38 2.49 - - - - - - - - - - - -
AU 11E 29.0 47.0 | 24.0 0.60 3.24 - - - - - - - - - - - -
Ul 12 52.0 36.0 | 12.0 0.54 2.09 - - - - - - - - - - - -
Ul 13 67.0 21.0 | 12.0 0.72 2.07 - - - - - - 38.6 | 48,5 | 11.9 0 60.4 | AR-SI
U115 98.0 | 2.0 0.0 0.13 0.48 - - - - - - 56.4 | 29.7 | 10.9 0 | 40.6 | SIAR
U116 98.0 | 2.0 0.0 0.13 0.36 - - - - - - - - - - - -
Ul 20A 90.0 10.0 | 0.0 0.29 0.45 - - - - - - - - - - - -
U1 20B 47.0 | 25.0 | 28.0 0.23 3.11 - - - - - - - - - - - -
Ul 20C 78.0 13.0 | 9.0 0.52 1.49 - - - - - - - - - - - -
Table2.1b
SIN Lithofacies Geochemical data
Ni Co| U Th Vv La | Cr | Ti Zr Hf Y Nb | Ta | Sc |Al,O;] CaO|Fe0O;| K20 | MgO| MnO | N&O | SiG, | TiO,
ppm | ppm| ppm | ppm| ppm | ppm | ppm| % | ppm| ppm| ppm| ppm | ppm | ppm| % % % % % % % % %
01| 02| 01| 0.1 1 0.1 1 (0.001] 01| 01| 01| 01| 0.1 1 |0.01|0.01|0.01| 0.01]0.01|0.0001%0.001% 0.01| 0.01
ULl IA L1 Marsh 14.7| 3.5 5 14.8| 110 | 50.2| 108 | 0.91|173.2] 46 | 24.4]| 30.3| 2.1 9 15.210.03| 1.35| 0.38 | 0.11| 0.005| 0.02 | 72.5| 1.68
Ul 1B - - - - - - - - - - - - - - - - - - - - - - -
ulic 11.3| 2.1 | 43 |11.8| 90 | 43.9| 96 | 0.83| 157 | 4.2 | 20.6| 28 2 6 | 12.9]|0.02| 0.82| 0.31 | 0.09| 0.004 | 0.02 | 77.6| 1.58
Ul 2A 114 21 | 45 |13.1| 115| 47.2| 100| 0.89|171.8| 4.4 | 225| 31.8| 2.1 7 149]0.02| 1.7 | 0.36 | 0.09| 0.004]| 0.02| 73 | 1.68
Ul2B 8 17| 3.8 |11.2| 102 | 43 | 65 | 0.80|155.8/ 3.9 | 20.6| 26.7| 1.8 7 |12.2]0.02| 1.03| 0.28 | 0.07| 0.004 | 0.02 | 78.2| 1.48
Ul 2C 106 2.2 | 46 | 12.6| 113 | 47.8| 97 | 0.94|176.6| 4.6 | 22.7| 31.4| 2.1 9 149 0.02| 0.82| 0.37| 0.1 | 0.004]| 0.02 | 74.3| 1.79
Ul 3A 10.3| 2.2 | 46 | 12.4| 110 | 48.7| 76 | 0.93]|186.1] 5 |23.8|33.6| 2.2 9 |14.6]|0.02| 1.56| 0.39 | 0.1 | 0.005| 0.02 | 73.2| 1.75
Ul 3B 16.3| 29 | 46 | 12.3| 101 |49.6| 97 | 0.95|193.3| 5.2 | 25.8| 34.9| 2.5 10 | 17.2|1 0.02| 1.23| 0.46 | 0.12| 0.004 | 0.03 | 70.7 | 1.81
Ul 5A 15.1| 3.1 | 5.1 |14.8| 159 | 42.8| 131 | 0.90|160.7| 4.3 | 26.8| 30.5| 2.2 13 | 22.1|0.03| 1.15]| 0.43| 0.12| 0.005| 0.03 | 63.6| 1.63
Ul 5B 153| 29 | 45 | 13.4| 166 | 35.9| 128 | 0.85|149.9| 4.4 | 22.6| 27.6| 2 13 | 23.7|0.03| 1.31| 0.43 | 0.12| 0.005| 0.03 | 61.7| 1.56
Ul 6A 14.3| 3.6 | 4.4 | 13.3| 166 | 43.3| 104 | 0.87| 155 | 4.7 | 20.9| 29.4| 2.1 12 | 22.2|10.03| 1.25]| 0.44| 0.12| 0.003 | 0.02 | 63.6| 1.6
Ul 6B - - - - - - - - - - - - - - - - - - - - - - -
Ul 7A 50 | 345| 45| 16.3| 148 | 47.2| 124 | 0.76 (133.1] 4 22 | 24.4) 1.8 15 | 20.2| 0.04| 2.63| 0.3 | 0.13| 0.008 | 0.03 | 61.8| 1.47
Ul 7B 26.2| 15 | 44 | 12.6| 145 | 46.1| 66 | 0.87| 146 4 225(129.1| 1.9 12 | 18.6| 0.02| 0.86| 0.33 | 0.11| 0.005| 0.02 |66.53 1.6
Ul 8A 37.5|23.9| 4.1 |15.1| 149 | 38.8| 85 | 0.78|126.5| 3.6 | 19.7| 25.5| 1.8 | 13 |19.84| 0.02| 2.07 | 0.28 | 0.11| 0.006 | 0.01 |63.25| 1.36
Ul 8B 31.9|17.9| 45 | 14.4| 128 | 52.2| 80 | 0.87|154.9] 4.1 | 24 | 289| 2 13 | 1441 0.08| 1.82| 0.3 | 0.13| 0.010| 0.03 | 71.9| 1.64
Ul18C 31.9| 16.5| 4.3 | 13.8| 103 | 42.1| 86 | 0.80|142.2| 3.9 | 19.6|25.4| 1.8 | 10 | 10.8|0.02| 0.7 | 0.21 | 0.09| 0.010| 0.02 | 79.4| 1.46
Ul 8D 62.2| 27.5| 54 | 11.9| 172 | 39.4| 66 | 0.82(161.5 4 23.1|28.8| 1.9 12 | 15.8| 0.02| 0.95| 0.26 | 0.08| 0.005| 0.03 | 71.2| 1.55
Ul 9A - - - - - - - - - - - - - - - - - - - - - - -
Ul 9B 37 | 25.9| 55 | 15.3| 157 | 50.7| 111 | 0.93|173.1] 44 | 22.1| 32 | 22 | 13 | 19.3|0.02| 2.39| 0.33| 0.08| 0.010 | 0.02 | 64.5| 1.69
Ul 9C 31.2|20.4| 5.2 | 12.4]| 151 | 40.1| 91 | 0.96(178.6| 45 | 17.3| 33.3| 2.4 13 [ 20.9|0.02| 1.19| 0.35| 0.09| 0.007 | 0.03| 64 | 1.74
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U110 224 74 | 41 |17.7| 184 |63.5| 142|096 182 | 49 | 209[33.2| 23| 12 | 26.6|0.02]| 1.25| 0.24 | 0.07| 0.003 | 0.02 | 55.5| 1.77
U118 10.6| 2 5.1 | 16.7| 154 | 56.4| 128 | 0.97[198.7| 5.8 | 20.4|33.2| 24 | 17 | 24.7]0.02| 252 | 0.31 | 0.07| 0.004 | 0.02 | 59.3| 1.82
U119 99| 19| 47 146 137 | 47.1| 93 | 0.95|180.1] 4.7 | 195|314| 2.1 | 13 |21.94/ 0.01]| 1.05]| 0.23 | 0.06| 0.004 | 0.01 |65.09] 1.73
AU-1A 159| 35| 47 | 143|113 | 47.2| 102 | 0.80|138.3] 4 [30.6|243| 1.8 | 13 [194|0.03| 1.53| 0.84 | 0.26| 0.005| 0.03 | 67.5] 1.51
AU-1B - - - - - - - - - - - - - - - - - - - - - - -
AU 2 156] 39| 41 |134]127|30.1| 109 |/0.81] 134| 3.8 | 25 | 25 | 1.7 | 16 [22.92] 0.03]| 2.22]| 1.06 | 0.34| 0.004 | 0.03 |62.04] 1.49
IM 2B L1 | Central Basin 42.7| 23 | 6.8 [18.1| 159 |31.5| 103 | 0.86|111.8 3.4 | 20.6|30.6| 23 | 17 | 27.9[0.06]| 4.06 | 1.19| 0.36| 0.007 | 0.03 | 49.2| 1.59
1M 2C 329|132 7.2 | 19.9| 161 | 40.6| 105 | 0.97|123.4 3.8 | 30.5[32.8| 24 | 16 | 254|0.04| 3.76| 1.21 | 0.38| 0.008 | 0.04 | 53.1| 1.72
1M 2D 321(16.1) 7 |209) 150|418 99 | 0.87|112.6/ 3.4 | 26.8|[30.7| 2.2 | 16 | 254 0.04| 4.15| 1.22| 0.4 | 0.007 | 0.04 | 53.9| 1.62
1M 2E 46.7| 225 59 | 18.6] 151 | 42 | 109 | 0.84|102.4] 3.2 | 259|284 | 21 | 16 | 25.7]/0.09| 6.54| 1.18| 0.5 | 0.020| 0.04 | 50.6| 15
IM 4A 12 | 54 [195| 123 |504| 75 | 0.71|98.2| 28 |199|244| 1.7 | 11 | 19.8| 0.03| 6.56| 0.85]| 0.29| 0.008 | 0.04 | 57.4| 1.24
IM 11A 535/ 30.7| 9.8 [ 30.9| 139 |61.3| 95 | 0.66|151.4 49 | 205] 25 | 1.8 | 15 | 23.8|0.09]| 10.3| 0.72 | 0.37| 0.011| 0.03 | 48.8| 1.13
IM 11B 50.3] 21 7 |16.1| 1441 236| 114|069|782| 23 | 11.4|243| 1.6 | 21 | 31.4|/0.08| 575| 1.21|0.48| 0.012]| 0.04 | 443| 1.12
IM11C 5471 31.2| 85 | 30.3| 140 |87.2| 125 | 0.66|111.3 3.6 | 548| 23 | 1.6 | 24 | 23.7|0.27]| 7.16| 1.37 | 0.56| 0.019| 0.04 | 53.5| 1.13
IM 13A 58.8] 32 | 6.4 [ 23.8| 133| 50 | 131 | 0.60| 74.2| 23 | 21.3[20.3| 14| 16 | 254|0.16]| 106| 1.2 | 0.68| 0.118| 0.04 | 46.6| 1.05
1M 13B 47.7|225| 6 |18.2] 146|28.9| 113|0.7689.4| 3 |144|266| 18| 21 29 |10.06| 472 1.28|0.49| 0.010| 0.04 | 48.3| 1.3
IM 14A 61.9]|299| 83 231 131 | 72.1| 111 | 0.64|100.5 29 | 64.8[21.2| 15| 20 | 23.8|0.75| 761 | 1.3 | 0.53| 0.027| 0.05| 50.8| 1.11
IM 16A 59.1|1 26.1| 45 | 134 104|375|104/039/63.9| 19 |306[13.1| 0.9 | 17 | 22.4|037|179|1.45| 0.7 | 0.326| 0.03 | 39.6| 0.7
IM 16B 60.9| 25.1| 4.7 | 13.2| 103 |34.8| 99 [ 046|80.8| 24 |[62.2]159| 1 18 25 |10.26]10.2| 1.64 | 0.68| 0.108 | 0.04 | 44.2| 0.82
1M 16C 46.1|151) 44 | 13.3| 118 |27.8| 101 | 054|919| 2.8 |31.9]|18.2| 1.3 | 16 | 26.3| 0.13| 5.67| 1.75| 0.58| 0.027 | 0.04 | 48 | 0.96
1M 16D 39.2|119.2| 48 |17.9| 115]|40.2| 97 | 057|108 | 3.3 |18.1]|195| 13| 17 25 10.08|4.16)| 1.62| 05| 0.010| 0.04 | 53.7| 1.02
IM 18a 45.9| 3.15]12.15/20.15[ 68.5| 89 | 67.5| 0.42]93.25 2.7 | 57.6]|13.5| 0.9 | 19 |21.97] 1.1 |1.325/1.275| 0.21| 0.005 | 0.05 |60.16 0.72
IM 18C 32.9]| 6.3 |10.8]153| 94 | 26.3| 94 [066|785| 23 | 147 225| 15| 21 | 33.6/0.18| 201 | 0.97 | 0.29| 0.005| 0.03 | 47.7| 1.12
IM 19A 28.2| 76 | 86 [14.2| 111|279| 107 [ 0.61|98.3| 3.1 |18.3[20.2| 15| 20 | 32.6/0.14| 2.8 | 1.32| 0.39| 0.005| 0.03 | 48.1| 1.05
IM 19B 432|134 75| 13 | 109| 20 | 100 | 0.57| 93 | 2.8 |11.9[199| 13| 13 | 32.1| 0.1 | 3.34| 1.32| 0.39| 0.004 | 0.03 | 46.6| 0.98
IM 19D 545|368 56 | 14.2| 102 |31.7| 105|0.61|99.9| 2.7 | 139 20.6| 1.3 | 14 | 31.2|0.07] 49 | 1.11]0.32| 0.009| 0.04| 45 | 1.08
IM 19E 269| 74159 (101 128|133 109 0.71| 114 | 33 | 79 [23.7| 1.7 | 20 | 32.8|0.05]| 269 | 1.26 | 0.36| 0.006 | 0.04 | 48.9| 1.22
IM 2A 29.2] 95 6 14 1131 |37.2| 101 | 0.76|929| 2.7 | 16.3|27.3| 1.8 | 13 | 255]|0.05| 455| 0.89 | 0.27| 0.005| 0.03 | 51.4| 1.34
IM 4B 249|118| 4.6 | 18.6] 99 | 50.6| 68 | 0.65/100.6) 2.9 | 19.9| 236 1.6 9 |14.26|/0.02| 5.89| 0.58 | 0.18| 0.009 | 0.02 | 62.5] 1.1
IM 14B - - - - - - - - - - - - - - - - - - - - - - -
IM 14C 7541275| 7.7 |16.2| 110|468 99 [ 052|70.6| 2 |36.7[176| 1.2 | 19 | 25.7|0.33| 9.54| 1.39 | 0.64| 0.026 | 0.05| 44.4| 0.91
IM 18B 333/ 88| 85| 96| 91 |115| 89 [064|664| 2 |105[221| 15| 11 |[31.51 0.23]| 2.15| 0.84| 0.24| 0.005| 0.02 |48.73 1.01
IM 19C 62.6|348| 7.7 |16.1| 98 | 36.1| 108 | 0.58| 91.8| 2.8 | 188|184 | 14| 14 | 30.6| 0.1 | 544 1.16| 0.34| 0.005] 0.04 | 44.9| 0.96
OK7A L1 Bay 33.8|16.2| 7.2 | 26.4| 95 | 62.6| 92 | 0.86|120.2 3.6 | 36.9|32.7| 25| 13 | 22.7|0.02| 469 | 055| 0.2 | 0.005]| 0.02| 54 | 151
OK 7B 216| 78 | 56 | 245| 69 | 60 | 118 | 0.63|115.3] 3.8 | 32.1| 235| 2 10 [ 13.1)0.02| 3.88| 0.28 | 0.1 | 0.010| 0.02 | 72.4| 1.09
oK 7C 65.71369| 9 [19.2| 114]|40.5| 102 | 0.50| 46.6| 1.3 | 39.8(19.9| 15| 17 | 29.5|0.02]| 9.67| 0.55| 0.19| 0.023| 0.04 | 38.1| 0.9
OK 7D 57.1]|28.8|11.6]205| 93 | 394|104 060| 59 | 19 |433| 24 | 18| 17 30 | 0.02| 7.69| 051 | 0.16| 0.006 | 0.03 | 40.6| 1.06
OK 7E 43.9|22.9| 87 |19.3| 101 | 42.9| 91 | 0.94|110.1] 35 | 32.7|378| 29| 16 | 28.3|0.02| 3.46| 0.48 | 0.13| 0.003| 0.03 | 47 | 1.76
OK 7F 88.4]129.1| 85 |119| 98 |169| 72 [0.72|/981| 27| 14 | 28 | 22| 15 | 322|0.02| 289 | 0.5 | 0.14| 0.007| 0.03 | 45.2| 1.31
OK7G 525|125 79 | 26 | 105| 60 | 70 [ 0.73|184.4 58 | 21.4[304| 2.6 | 15 | 21.8|0.03| 2.8 | 0.56 | 0.11| 0.004 | 0.04 | 58.2| 1.34
OK 7H 264]| 6.2 | 82| 20 | 67 |36.4| 97 [ 0.83|1352 43 |128[341| 26| 11 | 23.7|/0.02] 1.7 | 0.44]0.11| 0.006 | 0.02 | 59.3| 1.53
OK 71 269| 89| 12 |17.3| 83 | 27.1| 86 | 0.87|108.5 3.2 |10.1[342| 25| 14 | 28.8|0.03| 2.04| 0.47]0.12| 0.003| 0.03| 53 | 151
OK 7J 29.4| 6.2 | 13.7] 25.7| 104 | 454| 119|1.03|169.2) 5.2 | 17.2|43.3| 3.2 | 17 | 26.1|0.03| 2.28 | 0.53 | 0.12| 0.006 | 0.03 | 57.2| 1.88
oK 9 47.2| 6 |108|19.6] 88 |354| 88 | 0.76]111.5 35 |13.2|31.7| 25| 14 |31.9]/0.03| 1.14] 051 | 0.13| 0.003 | 0.02 | 52.1| 1.37
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OK 11A 25.3| 5.6 [10.3|14.8| 103 |20.1| 105| 0.99|150.7]| 4.6 | 13.9|37.8| 2.7 | 15 | 29.1|0.02| 2.33| 0.77] 0.19| 0.007 | 0.03 | 54.2| 1.71
OK 11B 222 5 8 |14.4| 110 | 22.6| 93 |1.05]168.1] 5.1 | 141|39.2| 29 | 15 | 30 | 0.03]| 2.25| 1.06 | 0.26| 0.003 | 0.03 | 52.8| 1.84
OK 13A 25.4| 52 | 105|20.5| 86 |40.5| 99 | 0.88| 112 | 3.4 |16.7|351| 28 | 16 | 24.7|0.02]| 1.85| 0.54 | 0.12| 0.005| 0.03 | 60.9| 1.56
OK 13B 29.2| 66 | 14 |133] 96 | 251| 94 | 0.99(120.8 3.7 | 13.2|141.2| 3.1 | 18 | 295]|0.02]| 1.63| 0.6 | 0.13| 0.004 | 0.03 | 53.4| 1.74
OK 15 27.3| 31| 83 [36.4| 54 | 736| 56 | 094(2554| 8.1 | 24.1]|39.1| 34| 12 | 153|0.03| 0.88| 0.61 | 0.09| 0.005| 0.04 | 746| 1.7
OK 17 42.7] 4.6 |11.8|351| 61 | 64.7| 84 | 0.90]185.3 5.7 |21.3|364| 3 24 |1 22.2|0.03| 1.07| 0.56 | 0.08| 0.006 | 0.03 | 64.6| 1.64
OK 19A 29.8| 6.1 [ 195]238| 76 | 43.2| 96 | 093|157.2] 5 [18.9|38.2| 3.1 | 27 | 26.3|0.02]| 0.97| 049 | 0.1 | 0.003 | 0.03 | 58.3| 1.66
OK 19B 353| 6.5 [12.1]19.7| 88 | 34.3| 100 | 1.04|125.9 3.8 | 14.6|43.1| 3.1 | 18 | 29.7|0.02| 1.48 | 0.56 | 0.13| 0.003 | 0.03 | 53.9| 1.78
OK 21A 24.1| 33 | 12.4[353| 94 | 77.7| 72 |1.14|245.8 7.8 | 27.9|456| 3.7 | 18 | 19.7|0.04| 1.71| 0.72| 0.15| 0.003 | 0.03 | 67.3| 2
OK 21B 22.3| 42 [108| 28 | 97 | 71 | 90 | 1.11|219.1] 6.5 |23.1|446| 35| 16 | 225|0.03]| 2.22| 0.75] 0.17| 0.004 | 0.03 | 62.9| 2.01
OK 24A 339| 53 [31.2]|159| 76 |51.9| 86 | 0.96]119.4 3.6 | 20.6| 40 3 16 | 26.2]0.02]| 0.89 | 0.51| 0.1 | 0.003 | 0.03 | 57.4| 1.65
OK 24B 259| 42 |115]252| 73 | 64 | 76 | 0.88] 156 | 5.1 | 20.5|349| 29| 15 | 19 | 0.02] 0.92| 0.49 | 0.08| 0.005| 0.03 | 69.8| 1.53
uUl9D L2 174|104 6.6 | 16.9| 116 | 56 | 112 | 0.95|176.9] 46 | 23.8|31.8| 2.2 | 14 | 16.1| 0.03| 1.28| 0.25| 0.07| 0.009 | 0.03| 72 | 1.78
IM -3 Thin sheetike| 20.8| 8.9 | 3.6 | 15.3| 55 |48.2| 72 |0.24|63.7| 19 |181| 83 | 06 | 6 [6.36|0.26| 21.1| 0.22 | 0.32| 0.092| 0.02 | 62.9| 0.61
IM- 15 coarsesandy| - - - - - - - - - - - - - - - - - - - - - - -
OK- 10 mudstone - - - - - - - - - - - - - - - - - - - - - - -
OK-12 165| 1 3.7 119.7] 42 |506| 41 |052|/936| 3 |139(20.7| 16| 5 |7.39)|0.02|292| 0.29 | 0.04| 0.001| 0.02 |84.36] 1.16
OK- 14 9.6 | 1.6 | 53 | 255| 82 |53.8| 72 | 0.66|175.3 54 | 17 [274| 25| 8 ]10.38/ 0.02|13.32| 0.48 | 0.05| 0.003 | 0.02 |68.71] 1.48
OK-16 - - - - - - - - - - - - - - - - - - - - - - -
OK-18 26.2|36.8| 42 | 13 | 35 [358]| 38 | 0.27|685| 24 | 464[11.7] 1 12 | 7.23]0.04|53.74] 0.2 | 0.03| 0.160 | 0.01 |30.33 0.67
OK- 20 - - - - - - - - - - - - - - - - - - - - - - -
OK- 22 771 15| 44 ]203]| 50 |455| 58 | 0.44|151.7| 4.8 | 12.7(20.3| 1.8 | 7 | 7.97|0.03|15.15] 0.58 | 0.03| 0.003 | 0.03 | 70.21| 1.26
OK- 25 16 | 1.1 | 39 [ 283| 24 | 679| 24 | 0.62|165.9 53 |151|273| 22| 4 |7.12]0.01| 0.28| 0.19|0.04| 0.001| 0.01 |87.36 1.5
OK 8A L3 |Thin sheetike| - - - - - - - - - - - - - - - - - - - - - - -
OK 8B sandy 125| 1.7 | 28 |195| 21 |62.4| 17 | 048|985| 3.1 [124|179| 15| 4 |4.87|0.04] 0.83| 0.21 | 0.03| 0.003| 0.04|89.5| 1.15
OK 23A mudstone | 22.8| 22 | 47 | 26.8| 42 |61.3| 36 | 0.78|177.9] 55 | 144|355 3 8 [14.41{ 0.01] 0.49| 0.93 | 0.07| 0.003 | 0.05 |76.88 1.63
OK 23B muddy

sandstone | - - - - - - - - - - - - - - - - - - - - - - -
OK 23C 52| 12| 36 ]186| 37 |39.3] 29 |057| 153 | 4.7 |109|253| 21 | 6 |8.04|0.01|2.15]| 0.77 | 0.05| 0.002 | 0.04 |84.49 1.31
Ul 4A L4 Ooalitic 19.7)11.6| 3.8 | 11.3| 121 | 40.9| 70 | 0.61|112.4 2.8 [ 243|212 14 | 21 | 9.94| 0.06]20.52| 0.24 | 0.2 | 0.140 | 0.01 |[57.79 1.25
Ul 4B Ironstone and 35.1| 26.1| 4.1 | 17.7| 137 | 45.6| 106 | 0.62|105.6] 3.1 | 23.7| 20 | 14 | 15 | 16.4|0.02| 25.1| 0.27 | 0.09| 0.091 | 0.02 | 44 | 1.25
OK 6A Ferich - - - - - - - - - - - - - - - - - - - - - - -
OK 6B mudstone | 56 | 43 | 7.6 |182| 54 | 65 | 66 |0.15]36.6] 1 |615] 6.1 | 04| 8 |151)|0.18] 14.7| 0.04 | 0.05| 0.005| 0.02 | 58.9| 0.28
OK 6C 63 | 75| 96 | 306 64 | 625]| 88 | 0.13]|29.7] 1 |526| 57| 04| 12 | 20.8|0.15]| 22.4| 0.02 | 0.07| 0.013| 0.02 | 43.1| 0.27
OK 6D 796 69| 5 [179| 74 |59.3| 115|0.05| 12 | 04 | 454]| 21 | 0.2 | 12 |24.03| 0.34|28.38| 0.02 | 0.05| 0.010 | 0.01 |26.82 0.12
Im-12 - - - - - - - - - - - - - - - - - - - - - - -
Im-17 18.6) 153| 55 | 5.7 | 39 | 26.6| 42 | 012]|214]| 0.7 | 476] 41| 0.3 | 16 | 6.77]0.09] 674| 0.3 | 0.08] 0.066| 0.01| 11.6] 0.22
OK 1A L5 & Channel - - - - - - - - - - - - - - - - - - - - - - -
OK 1B L6 Sand/Clay | 16.1| 5.1 | 86 | 25.6| 72 | 43.9| 63 | 1.10|105.1] 3.1 | 12.9]|448| 29 | 11 |23.57/0.01| 0.67 | 0.06 | 0.03| 0.002 | 0.01 |62.27| 1.91
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OK1iC

OK 3A - - - - - - - - - - - - - - - - - - - - - - -
OK 3B 2 05 ] 0.7 | 4.2 9 |211| 11 |0.14[/20.1| 0.6 | 42| 49| 03 1 | 1.73|<0.01] 3.03 | 0.01 |<0.01] 0.003 | 0.004|93.87| 0.29
OK 4A - - - - - - - - - - - - - - - - - - - - - - -
OK 4B 26.2| 1.3 | 2.6 |10.6| 48 [ 295 22 [ 0.24|375| 1.1 |16.6] 85| 0.6 4 |651|0.08| 2.06| 0.03]|0.01| 0.001| 0.0186.89 0.51
OK'5 296| 1 4.2 |12.7] 27 | 298| 22 [034] 39 | 12| 15 |[126] 0.8 6 |541)0.05|0.61| 0.07|0.01] 0.003| 0.01[90.12] 0.61
M 1A 41 19| 35| 92| 25 |252| 21 |034]|449| 15| 81 |125]| 0.8 3 |6.33/0.02]| 0.72]| 0.03]|0.01| 0.008 | 0.004|80.23| 0.59
IM 1B - - - - - - - - - - - - - - - - - - - - - - -
M 1C 26 | 11| 47 ]138| 20 |30.4| 12 | 0.30[108.5 3.2 |109| 99 | 0.7 2 |1281)|0.02]| 048] 0.04| 0.01]| 0.003|0.004|88.75/ 0.57
IM 1D - - - - - - - - - - - - - - - - - - - - - - -
IM 1E 31 (17| 23| 10 | 19 |338| 17 |0.29]|43.1| 15 [149|10.1| 0.6 2 |413]|0.04]|0.89]| 0.14| 0.03| 0.003 | 0.008]89.58/ 0.51
IM 20 - - - - - - - - - - - - - - - - - - - - - - -
IM 21A 39 (11| 25178 39 | 644| 28 |059|86.8| 2.7 [ 18.8| 23.9| 1.8 5 |[8.14]0.01| 0.43]0.0367 0.02| 0.001 | 0.007|86.97| 0.95
IM 21B - - - - - - - - - - - - - - - - - - - - - - -
IM 21C 84| 23| 3.7 ]|216| 50 |552]| 42 | 059]1125 3.4 |145|234| 1.8 6 |10.8]|0.02| 0.66| 0.04 | 0.02| 0.004 | 0.010| 82.9| 1.06
IM 22 - - - - - - - - - - - - - - - - - - - - - - -
IM 23A 243] 9.1 | 48 | 17.2| 108 |63.3| 61 | 1.05/106.1) 3.4 | 10 | 439]| 2.8 9 |27.81]0.02| 0.75]| 0.02 | 0.03| 0.001|0.011|58.74] 1.65
IM 23B - - - - - - - - - - - - - - - - - - - - - - -
IM 23C 238|102 47 [ 131 71 |41.7| 51 [ 096|975 3.2 | 83 | 41 | 2.6 9 [29.84/ 0.01| 0.54| 0.02 | 0.03| 0.001 |0.011|56.33] 1.6
AU-10A 33 ] 07 1 54| 28 |173]| 14 | 020 26 | 0.7 | 46 | 5.7 ]| 04 3 3.7 |<0.01] 1.02 | 0.06 | 0.02| 0.002 | 0.007| 93.2| 0.33
AU-10B 3107 | 14| 88| 32 |306| 22 |024|359| 09| 64| 72|05 4 4.2 [ 0.02| 2.29 | 0.08 | 0.03| 0.003 | 0.009/90.91] 0.45
AU-10C 31/ 06| 13| 10 | 21 | 34 | 13 |0.26]29.6] 0.9 6 6.1 | 0.3 2 1239]|0.01]|0.84]| 0.04| 0.02]| 0.003 | 0.005|95.15| 0.46
OK-1d 18.3| 57 | 44 | 21.7| 62 | 48.3| 56 | 0.96|87.2| 2.7 | 12.6|385| 24 8 |23.61) 0.01| 0.61| 0.07 | 0.03| 0.001 | 0.009|64.55 1.66
OK-2b 6.4 | 2.7 2 |134| 33 | 50 | 21 | 054|557| 18| 78 202 13 4 110.11) 0.01| 0.61| 0.05| 0.01| 0.002 | 0.007|84.19| 0.91
IM 5D 4.3 1 19| 47| 15 |135| 15 |0.16/39.1| 13| 48 | 53| 04| <1 |3.22|0.01]|2.17] 0.13]0.03| 0.005]|0.011] 91.2| 0.32
IM 5A 76| 21|34 |11.2| 27 | 283 27 |027] 65 | 19| 83| 98| 0.6 3 |576]|001]|212) 0.16 | 0.05| 0.004 | 0.008| 84.9| 0.5
IM 5B 361418 | 38| 11 |115| 14 | 011355 11| 74|39 ] 03 1 [ 235]/0.04|8.11| 0.08]0.02| 0.007 |0.008]83.95 0.25
IM 5C - - - - - - - - - - - - - - - - - - - - - - -
IM 5E 47 114|132 | 83| 18 |[216| 16 |023]| 57 | 1.7 | 64 8 0.5 2 [404]001| 1.4 | 0.11|0.02]| 0.004 |0.008|88.16| 0.45
M 7 189| 44 [ 11.3|214| 51 |52.7| 117 | 0.74]150.3] 4.2 | 16.1| 25.9| 1.7 7 |145]0.03| 287|047 |0.11| 0.008| 0.01 | 66.5] 1.2
IM 8A 183| 74 |116| 19 | 44 | 514 118 | 0.77]|165.1] 49 | 15.1|27.7| 1.7 7 113.8]0.02]|162| 051 | 0.1 | 0.008| 0.02|68.2| 1.28
IM 9A 12.5| 3.8 [ 13.3|16.6| 47 | 40.7| 62 | 0.68]150.1] 4.4 [12.1|241]| 1.6 6 |13.49| 0.02| 2.55| 0.44 | 0.09| 0.005|0.018| 63.5| 1.2
IM 8B - - - - - - - - - - - - - - - - - - - - - - -
IM 9B 212] 75 (129|139 68 |398| 72 | 0.65|113.7 35| 10 | 23.7| 1.6 7 |17.7]0.03| 2.82| 0.44| 0.12| 0.005|0.019|54.07] 1.1
IM 6A 114 3.3 | 89 | 204| 43 | 47.4| 50 | 0.74|174.6] 4.7 | 151 26.1| 1.7 6 |12.24| 0.02| 2.08 | 0.38 | 0.09| 0.006 | 0.015|72.18] 1.21
IM 6B 118 3.6 | 82 |18.1]| 36 | 426| 42 | 059|1375 4 [13.8|204] 1.3 5 19.75]0.02| 2.55| 0.33 | 0.07| 0.007|0.016|73.81] 1.05
IM 10A 7.2 2 6.5 [15.2| 43 |38.2| 27 | 0.53|146.9 4.6 |10.3|21.2| 15 3 [839]|0.03]|1.26| 0.34|0.04]| 0.003]0.020| 82.1| 1
IM 10B 15.1| 3.3 | 8.2 |18.8]| 150 |80.1| 89 | 0.28]|68.6| 2.2 | 29.9|10.9| 0.8 | 12 | 8.38| 0.43|19.02] 0.09 | 0.45| 0.020 | 0.018]{61.32] 0.51
AU-11A L7 | Heterolithics| 7.7 | 1.7 5 [16.2| 81 |484| 74 | 0.87|153.3 4.7 | 25.1|26.7| 1.9 | 13 | 143|0.06| 0.82| 0.55| 0.17| 0.003| 0.02 | 75.9| 1.7
AU-11B - - - - - - - - - - - - - - - - - - - - - - -
AU-11C 65| 15 4 |149| 76 |46.6| 57 | 0.93|163.6] 4.2 | 225]|28.3| 1.9 | 11 |13.55/ 0.06| 0.63| 0.51 | 0.16| 0.002 | 0.02 | 77.66] 1.79
Ul1ll 47 | 13| 27| 15 | 74 |425| 51 | 0.78]| 120 | 3.2 [ 13.7| 21.5]| 1.6 6 |19.82]|0.01]|0.51| 0.09|0.02| 0.007|0.008{83.17| 1.43
uli14 24 |1 08| 3.1 |145| 94 | 371 49 | 0.77]153.6 42 | 14 | 221]| 15 8 |10.55/0.01|1.11) 0.11 | 0.02| 0.005 | 0.009|82.37| 1.39
U117 8 16| 39 | 204 157 | 62.8| 107 | 1.01|210.3] 5.7 [ 21.6|34.4| 25| 12 | 18.2|0.02]| 1.63| 0.21 | 0.05| 0.006 | 0.02 | 70.6| 1.86
AU-4a 574 35| 48| 14 | 127 44.1| 93 | 080 147 | 43 | 29.6[254| 19| 17 | 22.6|0.03] 1.54| 1.06 | 0.33| 0.003 ] 0.04 | 64.1| 1.51
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AU-4B

AU-5 17.9| 3.2 | 45 | 13.7| 116 | 37.3| 96 | 0.89|151.6| 4.2 | 28.7| 28.6| 1.9 | 19 |22.13/0.03| 2.11 | 1.03 | 0.32| 0.003 | 0.03 |63.24| 1.68

AU-7 15.3| 3.1 5 15.4| 125 | 41.3| 106 | 0.94|168.5| 4.8 | 26.5| 29.1| 2.2 17 | 23.8| 0.03| 1.94| 1.03| 0.31| 0.004 | 0.03 | 61.7| 1.73
AU-9 12.4| 25| 4.7 | 18.3| 112 | 51.9| 89 | 0.93|166.4 5.2 | 27.3|30.6| 2.2 | 20 | 21 | 0.03| 1.13| 0.81 | 0.24| 0.002 | 0.03 | 66.2| 1.78
AU -11D - - - - - - - - - - - - - - - - - - - - - - -
AU- 11E 59| 25| 31| 94| 86 |30.3| 50 | 055[102.7| 2.8 | 13.6| 155| 1 7 | 6.86]|0.03| 856| 0.21 | 0.07| 0.006 | 0.01 |78.87| 1.19
Ul12 97| 25| 6.6 | 20.5| 140 | 64.8| 144 | 1.04|228.5 6.7 | 20.5| 32.4| 2.2 18 | 19.8| 0.02| 2.34| 0.24 | 0.06| 0.006 | 0.02 | 67.1| 1.88
U113 58 | 1.3 | 3.8 |15.8| 106 | 49.7| 78 |0.831/183.9] 5.1 | 15.7| 25.4| 1.8 | 10 | 14.2|0.02| 1.5 | 0.15| 0.04| 0.005| 0.02 | 76.1| 1.51
Ul 15 19| 0.6 2 |11.9| 92 | 314| 37 |061(112.2] 3.1 | 105|16.9| 1 6 | 7.33]|0.01| 1.13| 0.07 | 0.02| 0.006 | 0.008|87.24] 1.14
Ul 16 19| 06| 1.8 ]128| 85 | 36.3| 36 |059(97.2| 29 |11.7|17.9| 1.2 6 8.61]0.01| 0.9 | 0.09 | 0.02| 0.004 | 0.008]| 85.9| 1.06
U1l 20A 46 | 1.3 | 3.8 | 15.3| 117 | 50.4| 76 | 0.90|167.7| 4.6 | 17.3| 29.1| 2 12 |16.23| 0.02| 1.36 | 0.16 | 0.04| 0.005 | 0.011|73.96| 1.67
Ul 20B - - - - - - - - - - - - - - - - - - - - - -
U1 20C 31| 09| 47 |16.2| 111 | 44.9| 66 | 0.89]|176.9] 4.9 [ 159| 28 | 1.9 | 11 |12.37/ 0.02| 1.61| 0.12 | 0.03| 0.005 | 0.009|79.03| 1.7
Turonian Sand - - - - - - - 0.31 - - - - - - 16.05| 1.87| 5.64| 2.36 | 1.25| 0.05 | 2.52 [64.29| 0.51
Turonian Shale - - 3.8 18.2| - |675| - |0.38|118.2] - 32 |141| - - |14.50/14.00, 5.68 | 1.91 | 2.35| 0.06 | 0.45|50.17| 0.64
Albian Shale - - 3 16.4 - |119.3] - 0.32] 62.9 - 34.8| 15.8 - - 11.86/ 8.94| 491 | 1.35| 1.22| 0.04 | 0.36 |{64.73| 0.53
Syenite - - - - - - - 0.47| 174 - 15.67/12.33| - - 13.18| 4.38| 2.90| 5.70 | 4.60| 0.09 2.9 [59.01 0.78
Mica Schist - - - - - - - 1033] - - - - - - |15.87| 4.07| 450 | 2.89 | 2.31 - 4.03 |65.38 0.55
Metaconglomerate| - - - - - - - 0.32] - - - - - - |17.00/ 3.43| 3.60| 3.48|1.58| 0.01 | 417 | 65.6| 0.54
ucc 44.0| 17.0| 2.8 | 10.7|107.0| 30.0| 83.0| 0.41|190.0] 5.8 | 22.0| 12.0| 1.0 | 13.6/15.19| 4.1 | 5.0 | 3.37| 2.2 | 0.008 | 6.18 |65.89 0.68
Table2.1c
S/N Lithofacies Geochemical data
Characterization  ffp/Sc [zriSc  [CIA ICV La/Th |La/Sc [Th/Co [Y/Ni [SiO/Al203 [Th/U |K20/Na&O [Th/Cr|Cr/V |Al20s/TiO2 |Zr/Hf
UL IA L1 Marsh 1.64 [19.24 [97.25 (0.24 [3.39 [5.58 4.23 |1.66 [4.77 2.96 |19.00 0.14 |0.98 [9.05 37.65
Ul 1B - - - - - - - - - - - - - - -
U1 1C 1.97 [26.17 [97.36 (0.22 [3.72 [7.32 [5.62 |1.82 [6.02 2.74 |15.50 0.12 |1.07 |8.16 37.38
U1l 2A 1.87 [24.54 [97.39 [0.26 [3.60 [6.74 [6.24 [1.97 [4.90 2.91 |18.00 0.13 |0.87 |8.87 39.05
Ul 2B 1.60 [22.26 [97.44 (0.24 [3.84 6.14 [6.59 [2.58 [6.41 2.95 |14.00 0.17 [0.64 |8.24 39.95
Ul 2C 1.40 [19.62 [97.32 (0.21 [3.79 [5.31 [5.73 [2.14 |4.99 2.74 |18.50 0.13 |0.86 |8.32 38.39
Ul 3A 1.38 [20.68 [97.14 (0.26 [3.93 [5.41 [5.64 [2.31 [5.01 2.70 |19.50 0.16 [0.69 |8.34 37.22
Ul 3B 1.23 [19.33 [97.12 (0.21 |4.03 |4.96 424 |1.58 [4.11 2.67 |15.33 0.13 [0.96 [9.50 37.17
Ul 5A 1.14 [12.36 [97.83 |0.15 [2.89 [3.29 W4.77 |1.77 [2.88 2.90 |14.33 0.11 |0.82 |13.56 37.37
Ul 5B 1.03 [11.53 [97.97 [0.15 [2.68 [2.76 |4.62 [1.48 [2.60 2.98 |14.33 0.10 [0.77 |15.19 34.07
Ul 6A 1.11 [12.92 (9784 (0.16 [3.26 [3.61 [3.69 |1.46 [2.86 3.02 [22.00 0.13 |0.63 |13.88 32.98
Ul 6B - - - - - - - - - - - - - - -
Ul 7A 1.09 1(8.87 1[98.20 (0.23 290 [3.15 [0.47 |0.44 [3.06 3.62 |10.00 0.13 |0.84 |13.74 33.28
Ul 7B 1.05 [12.17 [98.05 (0.16 [3.66 [3.84 |0.84 |0.86 [3.58 2.86 |16.50 0.19 [0.46 |11.63 36.50
Ul 8A 1.16 [9.73 9846 (0.19 [2.57 [2.98 [0.63 |0.53 [3.19 3.68 [28.00 0.18 [0.57 |14.59 35.14
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Ul 8B 111 1192 |97.23 [0.28 [3.63 4.02 0.80 [0.75 14.99 3.20 |10.00 0.18 [0.63 [8.78 37.78
Ul 8C 1.38 1422 97.74 [0.23 [3.05 4.21 0.84 [0.61 [7.35 3.21 |10.50 0.16 [0.83 |7.40 36.46
Ul 8D 099 [13.46 [98.08 [0.18 3.31 3.28 043 037 451 2.20 |8.67 0.18 [0.38 [10.19 40.38
U1 9A - - - - - - - - - - - - - - -

Ul 9B 1.18 ]13.32 98.12 [0.24 3.31 [3.90 [0.59 0.60 [3.34 2.78 [16.50 0.14 [0.71 [11.42 39.34
U1l 9C 0.95 [13.74 [98.12 [0.16 3.23 [3.08 [0.61 |0.55 [3.06 2.38 [11.67 0.14 [0.60 [12.01 39.69
Ul 10 1.48 |15.17 |98.96 [0.13 [3.59 [5.29 [2.39 0.93 [2.09 4.32 [12.00 0.12 [0.77 [15.03 37.14
Ul 18 0.98 [11.69 98.60 [0.19 3.38 [3.32 835 [1.92 240 3.27 [15.50 0.13 [0.83 [13.57 34.26
Ul 19 1.12 ]13.85 [98.87 3.23 [3.62 [7.68 [1.97 [2.97 3.11 [23.00 0.16 [0.68 [12.68 38.32
AU-1a 1.10 J10.64 [95.57 [0.22 [3.30 [3.63 4.09 [1.92 [3.48 3.04 [28.00 0.14 [0.90 [12.85 34.58
AU-1b - - - - - - - - - - - - - - -

AU 2 0.84 8.38 9534 |0.23 225 |1.88 [3.44 [1.60 [2.71 3.27 |35.33 0.12 |0.86 |15.38 35.26
IM 2B L1 Central Basin 1.06 658 9561 [0.26 [1.74 [1.85 |0.79 |0.48 |[1.76 2.66 [39.67 0.18 [0.65 [17.55 32.88
1M 2C 124 771 95.17 [0.28 [2.04 [254 151 0.93 [2.09 2.76 |30.25 0.19 [0.65 [14.77 32.47
1M 2D 131 [7.04 [95.13 [0.29 [2.00 [2.61 |1.30 [0.83 [2.12 2.99 |30.50 0.21 |0.66 |15.68 33.12
1M 2E 1.16 640 [95.15 [0.38 [2.26 [2.63 0.83 [0.55 [1.97 3.15 |29.50 0.17 |0.72 |17.13 32.00
IM 4A 1.77 18.93 9556 [0.46 [2.58 4.58 |1.63 2.90 3.61 |21.25 0.26 |0.61 |15.97 35.07
IM 11A 2.06 |10.09 96.59 |0.53 |1.98 4.09 [1.01 0.38 [2.05 3.15 [24.00 0.33 [0.68 [21.06 30.90
IM 11B 0.77 3.72 9594 (0.28 [1.47 [1.12 077 0.23 141 2.30 [30.25 0.14 [0.79 [28.04 34.00
IM 11C 126 464 [93.38 [0.45 [2.88 [3.63 0.97 |[1.00 [2.26 3.56 [34.25 0.24 [0.89 [20.97 30.92
IM 13A 149 464 9478 |0.55 [2.10 [3.13 [0.74 [0.36 |1.83 3.72 |30.00 0.18 |0.98 |24.19 32.26
1M 13B 0.87 426 9546 (0.27 [1.59 [1.38 [0.81 [0.30 [1.67 3.03 |32.00 0.16 |0.77 |22.31 29.80
IM 14A 116 [5.03 91.89 048 [3.12 [3.61 077 [1.05 [2.13 2.78 [26.00 0.21 [0.85 [21.44 34.66
IM 16A 0.79 [3.76 9237 096 [2.80 [2.21 0.51 |0.52 .77 2.98 148.33 0.13 [1.00 [32.00 33.63
IM 16B 0.73 449 9280 055 [2.64 [1.93 053 [1.02 .77 2.81 41.00 0.13 [0.96 [30.49 33.67
1M 16C 083 574 9320 [0.35 [2.09 174 [0.88 [0.69 |1.83 3.02 43.75 0.13 |0.86 |27.40 32.82
1M 16D 1.05 6.35 [93.49 |0.30 [2.25 236 0.93 [0.46 [2.15 3.73 140.50 0.18 0.84 |24.51 32.73
IM 18a 1.08 [5.10 [90.07 [0.11 448 489 646 |[1.26 [2.75 1.68 [69.31 0.30 [0.99 [30.51 34.64
IM 18C 0.73 [3.74 96.61 0.14 [1.72 [1.25 243 045 142 1.42 |32.33 0.16 [1.00 (30.00 34.13
IM 19A 0.71 492 [95.63 [0.18 [1.96 [1.40 [1.87 [0.65 [1.48 1.65 144.00 0.13 [0.96 [31.05 31.71
IM 19B 1.00 [7.15 [95.68 [0.19 [1.54 [1.54 0.97 [0.28 [1.45 1.73 144.00 0.13 [0.92 [32.76 33.21
IM 19D 1.01 [7.14 [96.24 [0.24 223 226 [0.39 [0.26 |1.44 2.54 [27.75 0.14 [1.03 [28.89 37.00
IM 19E 0.51 [5.70 [96.05 [0.17 [1.32 0.67 [1.36 [0.29 [1.49 1.71 |31.50 0.09 |0.85 |26.89 34.55
IM 2A 1.08 [7.15 [96.34 [0.28 [2.66 [2.86 |1.47 [0.56 [2.02 2.33 [29.67 0.14 [0.77 [19.03 34.41
IM 4B 2.07 |11.18 [95.85 |0.55 [2.72 [5.62 |1.58 [0.80 14.38 4.04 33.14 0.27 [0.69 [12.96 34.69
IM 14B - - - - - - - - - - - - - - -

IM 14C 085 [3.72 9356 [0.50 [2.89 [2.46 059 049 [1.73 2.10 [27.80 0.16 [0.90 [28.24 35.30
IM 18B 0.87 6.04 [96.65 |0.14 [1.20 [|1.05 [1.09 [0.32 |1.55 1.13 [36.68 0.11 [0.98 [31.20 33.20
IM 19C 1.15 656 9592 [0.26 [2.24 [258 046 |0.30 |1.47 2.09 [29.00 0.15 [1.10 |31.88 32.79
OK 7A L1 Bay 2.03 9.25 [9747 031 [2.37 |4.82 [1.63 [1.09 [2.38 3.67 [27.50 0.29 [0.97 [15.03 33.39
OK 7B 2.45 1153 [97.62 041 245 [6.00 [3.14 [1.49 |5.53 4.38 [14.00 0.21 [1.71 |12.02 30.34
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OK 7C 1.13 [2.74 [97.97 (0.39 [2.11 [2.38 [0.52 0.61 1.29 2.13 [13.75 0.19 [0.89 [32.78 35.85
OK 7D 1.21 [3.47 [98.17 [0.32 1.92 [2.32 [0.71 0.76 1.35 1.77 |117.00 0.20 [1.12 |28.30 31.05
OK 7E 1.21 16.88 [98.16 |0.21 [2.22 [2.68 [0.84 [0.74 1.66 2.22 (16.00 0.21 [0.90 |16.08 31.46
OK 7F 0.79 6.54 98.32 |0.15 1.42 1.13 041 0.16 1.40 1.40 |16.67 0.17 [0.73 [24.58 36.33
OK 7G 1.73 |12.29 [97.19 |0.22 [2.31 4.00 [2.08 0.41 2.67 3.29 (14.00 0.37 [0.67 |16.27 31.79
OK 7H 1.82 |12.29 [98.01 |0.16 1.82 [3.31 [3.23 0.48 2.50 2.44 (22.00 0.21 [1.45 |15.49 31.44
OK 71 1.24 7.75 98.19 [0.15 1.57 1.94 1.94 0.38 1.84 1.44 |15.67 0.20 (1.04 [19.07 33.91
OK 7J 1.51 1[9.95 [97.79 |0.19 1.77 [2.67 |4.15 0.59 2.19 1.88 |17.67 0.22 [1.14 |13.88 32.54
OK 9 1.40 |7.96 [98.27 [0.10 |1.81 [2.53 [3.27 0.28 1.63 1.81 |25.50 0.22 [1.00 [23.28 31.86
OK 11A 0.99 [10.05 [97.26 |0.17 1.36 1.34 [2.64 |0.55 1.86 1.44 |25.67 0.14 [1.02 |17.02 32.76
OK 11B 0.96 [11.21 [96.40 |0.18 1.57 1.51 |2.88 0.64 1.76 1.80 |35.33 0.15 [0.85 |16.30 32.96
OK 13A 1.28 [7.00 [97.67 [0.17 1.98 [2.53 [3.94 |0.66 2.47 1.95 |18.00 0.21 [1.15 |15.83 32.94
OK 13B 0.74 6.71 [97.84 |0.14 [1.89 1.39 |2.02 0.45 1.81 0.95 [20.00 0.14 |0.98 |16.95 32.65
OK 15 3.03 |21.28 [95.74 [0.22 [2.02 6.13 11.74 |0.88 14.88 4.39 |15.25 0.65 [1.04 [9.00 31.53
OK 17 1.46 |7.72 [97.28 |0.15 1.84 [2.70 [7.63 0.50 2.91 2.97 (18.67 0.42 [1.38 |13.54 32.51
OK 19A 0.88 [5.82 [97.99 [0.12 1.82 1.60 [3.90 [0.63 2.22 1.22 |16.33 0.25 [1.26 |15.84 31.44
OK 19B 1.09 16.99 [97.99 [0.13 1.74 1.91 [3.03 0.41 1.81 1.63 |18.67 0.20 [1.14 |16.69 33.13
OK 21A 1.96 |13.66 [96.14 |0.24 [2.20 4.32 10.70 [1.16 |3.42 2.85 [24.00 0.49 [0.77 [9.85 31.51
OK 21B 1.75 |13.69 [96.53 [|0.23 [2.54 4.44 6.67 1.04 2.80 2.59 (25.00 0.31 [0.93 |11.19 33.71
OK 24A 0.99 (746 9791 |0.12 (3.26 |3.24 |3.00 [0.61 2.19 0.51 (17.00 0.18 [1.13 |15.88 33.17
OK 24B 1.68 [10.40 [97.24 |0.16 [2.54 4.27 16.00 [0.79 (3.67 2.19 (16.33 0.33 [1.04 |12.42 30.59
Ul 9D L2 1.21 |12.64 [98.11 [|0.21 [3.31 }4.00 1.63 1.37 |4.47 2.56 [8.33 0.15 [0.97 [9.04 38.46
IM - 3 Thin sheefike 12.55 [10.62 [92.71 [3.56 [3.15 [8.03 [L.72 [0.87 [9.89 4.25 |11.00  0.21 |1.31 [10.43 _ [33.53
IM- 15 coarsesandy [ - - - - - - - - - - - - - -

OK- 10 mudstone |- - - - - - - - - - - - - - -

OK- 12 3.94 [18.72 [95.73 |0.60 [2.57 10.12 |19.70 |0.84 11.42 5.32 (14.50 0.48 [0.98 |6.37 31.20
OK- 14 3.19 2191 [95.23 |1.48 [2.11 [6.73 15.94 (1.77 6.62 4.81 [24.00 0.35 [0.88 [7.01 32.46
OK-16 - - - - - - - - - - - - - - -

OK- 18 1.08 .71 [96.61 [7.59 [2.75 [2.98 [0.35 1.77 14.20 3.10 (14.81 0.34 [1.09 |10.79 28.54
OK- 20 - - - - - - - - - - - - - - -

OK- 22 2.90 [21.67 [92.57 [2.14 [2.24 6.50 13.53 [1.65 [8.81 4.61 |19.33 0.35 [1.16 |6.33 31.60
OK- 25 7.08 41.48 [97.14 [0.29 [2.40 16.98 [25.73 [0.94 12.27 7.26 (19.00 1.18 (1.00 ([4.75 31.30
AU-3 - - - - - - - - - - - - - - -

IAU-6 - - - - - - - - - - - - - - -

IAU-8 - - - - - - - - - - - - - - -

OK 8A L3 Thin sheetike | - - - - - - - - - - - - - -

OK 8B sandy mudstone|4.88 [24.63 [94.38 (0.47 [3.20 15.60 |11.47 |0.99 18.38 6.96 [5.25 1.15 (0.81 [4.23 31.77
OK 23A muddy sandston|3.35 [22.24 [93.57 [0.22 [2.29 [7.66 12.18 (0.63 |5.34 5.70 (18.60 0.74 |0.86 [8.84 32.35
OK 23B - - - - - - - - - - - - - - -

OK 23C 3.10 25,50 [90.74 [0.54 [2.11 [6.55 15.50 |2.10 10.51 5.17 [19.25 0.64 [0.78 [6.14 32.55
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U1 4A L4 Oolitic Ironstonel0.54 [5.35 [96.98 [2.26 ([3.62 |1.95 [0.97 |1.23 |5.81 2.97 |24.00 0.16 |0.58 [7.95 40.14
U1l 4B and Ferich |1.18 [7.04 [98.14 (164 [258 |3.04 (0.68 |[0.68 |2.68 4.32 [13.50 0.17 |0.77 |13.12 34.06
OK 6A mudstone |- - - - - - - - - - - - - - -
OK 6B 228 14.58 9844 |1.01 357 [8.13 [4.23 [1.10 ([3.90 2.39 |2.00 0.28 |1.22 |53.93 36.60
OK 6C 255 [2.48 99.09 |1.10 [2.04 [5.21 {4.08 [0.83 [2.07 3.19 |1.00 0.35 |1.38 [77.04 29.70
OK 6D 1.49 [1.00 19848 (1.20 [3.31 494 [259 [0.57 [1.12 3.58 |2.00 0.16 |1.55 [200.25 30.00
Im-12 - - - - - - - - - - - - - - -
Im-17 0.36 [1.34 [94.41 |10.07 |4.67 |1.66 [0.37 [2.56 |1.71 1.04 [26.95 0.14 |1.08 (30.77 30.57
OK 1A L5 &|Channel Sand/Clz- - - - - - - - - - - - - - -
OK 1B L6 233 [9.55 [99.66 [0.11 [1.71 [3.99 [5.02 1[0.80 [2.64 2.98 |6.38 0.41 |0.88 |12.34 33.90
OK 1C - - - - - - - - - - - - - - -
OK 3A - - - - - - - - - - - - - - -
OK 3B 420 [20.10 | - 5.02 [21.10 [8.40 [2.10 [54.26 6.00 [2.50 0.38 |1.22 5.97 33.50
OK 4A - - - - - - - - - - - - - - -
OK 4B 2.65 [9.38 [98.20 [0.41 [2.78 ([7.38 [8.15 [0.63 [13.35 4.08 (3.19 0.48 |0.46 |12.76 34.09
OK 5 2.12 6.50 [97.66 [0.25 [2.35 497 [12.70 [0.51 |[16.66 3.02 [7.45 0.58 |0.81 |8.87 32.50
IM 1A 3.07 (1497 [99.15 [0.22 [2.74 (840 ({484 [(1.98 [12.67 2.63 [7.50 0.44 10.84 |10.73 29.93
IM 1B - - - - - - - - - - - - - - -
IM 1C 6.90 |[54.25 [97.77 [0.40 [2.20 [15.20 (1255 |4.19 [31.58 2.94 |10.00 1.15 [0.60 [4.93 33.91
IM 1D - - - - - - - - - - - - - - -
IM 1E 5.00 [21.55 [95.64 [0.39 (3.38 [16.90 [5.88 4.81 [21.69 4.35 (17.28 0.59 |0.89 |8.10 28.73
IM 20 - - - - - - - - - - - - - - -
IM 21A 3.56 |[17.36 [99.36 |- 3.62 [12.88 (16.18 [4.82 [10.68 7.12 |5.39 0.64 |0.72 8.57 32.15
IM 21B - - - - - - - - - - - - - - -
IM 21C 3.60 |[18.75 [99.36 |[0.17 [256 [9.20 1[9.39 [1.73 [7.68 5.84 |4.11 0.51 |0.84 |10.19 33.09
IM 22 - - - - - - - - - - - - - - -
IM 23A 1.91 [11.79 [99.82 [0.09 [3.68 [7.03 [1.89 [0.41 [2.11 3.58 |1.85 0.28 |0.56 |16.85 31.21
IM 23B - - - - - - - - - - - - - - -
IM 23C 1.46 [10.83 |99.86 [0.07 ([3.18 ¥4.63 [1.28 [0.35 |1.89 2.79 |1.85 0.26 |0.72 |18.65 30.47
IAU-10A 1.80 [8.67 3.20 .77 ([7.71 [(1.39 [25.19 5.40 [8.90 0.39 |0.50 |11.21 37.14
IAU-10B 220 8.98 [97.46 [0.69 [3.48 ([7.65 [12.57 [2.06 [21.65 6.29 [8.48 0.40 |0.69 [9.33 39.89
AU-10C 5.00 |[14.80 [97.73 |0.58 3.40 [17.00 [16.67 [1.94 [39.81 7.69 [7.42 0.77 [0.62 |5.20 32.89
OK-1d 2.71 |10.90 [99.62 [0.10 [2.23 [6.04 [3.81 [0.69 [2.73 4.93 [7.42 0.39 [0.90 |14.22 32.30
OK-2b 3.35 |13.93 [99.31 |0.16 [3.73 (1250 {496 [1.22 [8.33 6.70 [7.42 0.64 |0.64 |11.11 30.94
IM 5D 95.52 |0.83 |2.87 4.70 |1.12 |28.32 2.47 |11.68 0.31 |1.00 |10.06 30.08
IM 5A 3.73 21.67 [97.00 |0.50 2.53 9.43 5.33 1.09 14.74 3.29 [19.78 0.41 (1.00 [11.52 34.21
IM 5B 3.80 35.50 [94.83 |3.62 3.03 11.50 [2.71 2.06 35.72 2.11 [9.89 0.27 [(1.27 [9.40 32.27
IM 5C - - - - - - - - - - - - - - -
IM 5E 415 [28.50 [96.93 |0.50 [2.60 [10.80 593 [1.36 [21.82 2.59 |13.60 0.52 |0.89 |8.98 33.53
IM 7 3.06 [21.47 [96.60 |[0.32 [2.46 (753 486 [0.85 [4.59 1.89 47.00 0.18 |2.29 |12.08 35.79
IM 8A 2.71 2359 [96.17 |[0.26 [2.71 [7.34 [257 [0.83 [4.94 1.64 [25.50 0.16 |2.68 |10.78 33.69
IM 9A 2.77 25.02 [96.58 [0.32 2.45 6.78 4.37 0.97 4.71 1.25 |25.14 0.27 (1.32 (11.24 34.11
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IM 8B - - - - - - - - - - - - - - -
IM 9B 1.99 [16.24 [97.31 [0.26 [2.86 [5.69 [1.85 [0.47 [3.05 1.08 [23.28  [0.19 [1.06 [16.09 32.49
IM 6A 3.40 [29.10 96.72 [0.31 [2.32 [7.90 [6.18 [1.32 [5.90 2.29 25.68  [0.41 [1.16 [10.12 37.15
IM 6B 3.62 [2750 [96.38 [0.41 [2.35 852 [5.03 [1.17 [7.57 2.21 [20.37  0.43 [1.17 [9.29 34.38
IM 10A 5.07 4897 9556 [0.32 [2.51 [12.73 [7.60 [1.43 [9.79 2.34 [16.82  |0.56 [0.63 |8.39 31.93
IM 108 157 [5.72 [93.97 [2.45 426 668 [5.70 [1.98 [7.32 2.29 [5.14 0.21 [0.59 [16.43 31.18
AU-11A L7 [Heterolithics 125 [11.79 [95.78 [0.23 [2.99 [B.72 [0.53 [3.26 [5.31 3.24 2750  [0.22 [0.91 [8.41 32.62
AU-11B - - - - - - - - - - - - - - -
AU-11C 1.35 [14.87 [95.83 [0.23 [3.13 [424 [0.93 [346 [5.73 3.73 2550  [0.26 [0.75 [7.57 38.95
U111 250 [20.00 [98.87 [0.21 [2.83 [7.08 [11.54 [2.91 [8.47 556 [11.13  [0.29 [0.69 [6.87 37.50
U1 14 181 [19.20 [98.79 [0.25 [2.56 [|4.64 [18.13 [5.83 [7.81 4.68 [11.66  [0.30 [0.52 [7.59 36.57
U117 1.70 1753 [98.64 [0.21 [3.08 [5.23 [12.75 .70 [3.88 5.23 [10.50  [0.19 [0.68 [9.78 36.89
AU-4a 0.82 865 [95.24 [0.20 [3.15 259 400 [0.52 [2.84 2.92 2650  [0.15 [0.73 [14.97 34.19
AU-4B - - - - - - - - - - - - - - -
AU-5 0.72 [7.98 19531 [0.24 .72 [1.96 [428 [1.60 [2.86 3.04 [34.33  [0.14 [0.83 [13.17 36.10
AU-7 0.91 1[9.91 [95.62 [0.21 [2.68 [2.43 497 [1.73 [2.59 3.08 [34.33  |0.15 [0.85 [13.76 35.10
AU-9 0.92 832 [96.02 [0.19 [2.84 [2.60 [7.32 [2.20 [3.15 3.89 [27.00  j0.21 [0.79 [11.80 32.00
AU - 11D - - - - - - - - - - - - - - -
AU- 11E 1.34 [1467 [96.48 [1.47 322 [433 [3.76 [2.31 [11.50 3.03 [21.00 [0.19 [0.58 [5.76 36.68
U112 1.14 [12.69 |98.61 [0.23 [3.16 [3.60 [8.20 [2.11 [3.39 3.11 [12.00  [0.14 [1.03 [10.53 34.10
U113 158 [18.39 [98.68 [0.23 [3.15 [4.97 [12.15 .71 [5.36 4.16 [7.5 0.20 [0.74 [9.40 36.06
U1 15 198 [18.70 [98.81 [0.33 [2.64 [5.23 [19.83 [5.53 [11.90 5.95 [8.66 0.32 [0.40 [6.43 36.19
U116 213 [16.20 [98.76 [0.24 [2.84 .05 [21.33 [6.16 [9.98 7.11 1113 [0.36 [0.42 [8.12 33.52
U1 20A 1.28 [13.98 [98.84 [0.20 [3.29 [420 [11.77 [3.76 |4.56 4.03 [14.84  |0.20 [0.65 [9.72 36.46
U1 20B - - - - - - - - - - - - - - -
U1 20C 1.47 [16.08 98.81 [0.28 [2.77 [4.08 [18.00 [5.13 [6.39 3.45 [12.72  [0.25 [0.59 [7.28 36.10
[Turonian Sand - - 70.39 0.89 | - - - 4.01 0.93 - - 31.30 -
[Turonian Shale - - 4699 .73 371 | - - 3.46 4.79 14.26 - - 22.73 -
Albian Shale - - 5270 146 [7.27 | - - 5.46 5.47 [3.77 - - 22.41 -
Syenite - - 50.38 [1.62 |- - - - 4.44 - 1.97 - - 16.90 -
Mica Schist - - 59.08 |- - - - - 4.12 - 0.72 - - 28.85 -
Metaconglomerate - - 60.54 (0.99 | - - - 3.86 - 0.83 - - 31.48 -
ucc 0.79 1397 [52.67 [1.42 .80 .21 [0.63 [0.50 [4.34 [3.82 ]0.55 [0.13 J0.78 [22.21 [32.76
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24.1.1.3 Dark coloured wavy to curved microfacies (M3)

This microfacies is typically mildly to moderately bioturbated, characteristically wavy
to curved and thickly laminated/thinly bedded (where preserved) (ERJs5, 8b6), varying
texturally from cMs tosMs. The fabric is ARSI to Sl (Fig.2.6f). Microscale soft sediment
deformation structures (ball structures) indicating rapid sedimentation rate were observed in
L1 (Figs.2.8b6). M3 is interpreted as deposits that accumulated more rapidly, arising from
discontinuous sedimentation by stronger bottom water currents (lateral accretion) in more
proximal, shallower, higher energy condition (Laetal., 2015).

The poor sorting of L1 (Fig2.6b) is consistent with the findings of Folk (1974), who
reported an \&erage standard deviation of 2(®J for floodplain and shallow marine
mudstones. The dominance of the phytoclast palynological organic matter group in L1, the
high frequency of occurrence of M2 and M3, as well as the occurrence of sand sized mica on
lamina planes is a strong indication of low salinity, hegtergy shallow water setting and
proximity to higher land plant sources. The observed occurrence of articulate brachiopod and
gastropod molds, as well as marine palynomorphs in M1 provides evidemighfer salinity,
low energy, and deeper water marine conditions. Thus, we interpret the L1 as a product of
brackish water where salinity fluctuations exist. The lowoQNaCaO, MgO and KO
concentrations (Tabl@.1b, Section2.4.1.4), as well as the occamce of iron concretions
support this interpretation.

We identified three different subfacies of L1 based on inferences drawn from the
stratigraphic relationship with L2, L3 and L4 (seectons 2.41.2, 2.4.1.3 and2.4.1.4),
microfacies observations, as well as inferences from the APP, SMP and PQC ternary plots
(Figs. 2.6b-d). The subfacies types are Lla, L1b and L1c corresponding to marsh, bay and
central basin environments. The marsh and bay environments, whichasaetehized by

stronger terrestrial signature sua$; a higher percentage of phytoclasts, relatively enriched
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guartz content, and lower percentages of aquatic amorphous organic matter and palynomorphs
were deposited under conditions that were more pralimith lower salinity and higher
detrital contribution (Figs2.6b-d). The M3 microfacies is particularly common in L1la and
occasionally in L1b, which has M2 and M1 (M2>>>ML1 in order of occurrenced daritinant
microfacies. The central basin, whiclogls a stronger marine influence by a higher percentage

of palynomorphs (marine palynomorphs in particular) and aguatic amorphous organic matter,
a lower percentage of phytoclast and quartz, as well as the occurrence of brachiopod molds,
was deposited undeonditions more distal, with higher salinity and lower detrital contribution
(Figs.2.6b-d). M2 is dominant microfacies of L1c while M1 was observed in a few instances.
This interpretation is corroborated by lower S8Dd higher AlOs(Table2.1a) in conparison

to other subfacies.

Furthermoreyregardless of théow MgO, K-O and CaO concentrations in L1, their
relative proportion in L1c (Tabl2.1a) is significantly higher (0-1.18 wt. %, 0.58L.75 wt. %,
and 0.021.1 wt.% respectivelythan in L1a and 1b (<0.01+0.33 wt. % , <0.0#..06 wt. %,
and 0.010.04 wt.%, respectively). This contrast maydttibutableto the transformation of
kaolinite to illite smectite (kFe-Mg) clays in L1lcresulting fromhigher salinity prevailing in
the more distal centrbasin. An authigenic transformation is supported by the mean percentage
illite (excluding values >30 %) of the L1a, L1b and L1c, which are 11.27 % (n=23), 13.98 %
(n=20) and 15.46 % (n=22) respectively, as well as the negative correlation betwges SiO
K20 (Appendix 1.2a) (Huggett and Cuadras Andradeet al, 2014), and the positive
correlation between Ca@s MgO, FeOs vs. K20, and FgOs vs. MgO (Appendix 1.2b-d)

(Cuadroset al, 2017).
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24.1.2 Lithofacies 2 (L2): Thin bedded poortgoderately sorted, moderately cemented sheet
like sSMsSs

This lithofacies displays poanoderate sortingHig. 2.6b) and weak to moderate
cementation. It is SAR to Sl (Fig.2.6f), sMsSs (Fig.2.6a), which occurssainterbeds in the
dark mudstone facies and heterolithic facies (L7) (see Sez#dh7; Figs.2.7a,2.7b, 2.7d,
2.8a). L2 is thin and exhibits a shdéke geometry commonly less than 20 cm thick stretching
across the outcrop length (Figd7a). At the Auchi section (Fig.7d); the base of L2 is
bioturbated. The sheé&ke geometry, bioturbation and moderate sorting are evidences of a
marine signature. Based on texture, fabric and stratigraphic position, L2 is interpreted as
shallow marine andy mudstone brought in during storm events.
2.4.1.3Lithofacies 3 (L3): light coloured moderately sorted weakly cemented, weakly to mildly
bioturbated shedike sSMsmSs

Lithofacies 3 is characteristically sharp regthbased, massive looking, moderately
sorted, and weakly to mildly bioturbated sManSs (Figs.2.6b, 2.7b, 2.8d, 2.8e). This
lithofacies has shedike geometry, is commonly thicker than L2 (up to 1.2 arjd extends
across the full length of exposure (&ig.7b, 2.8d). It is interbedded wh L1 and L2 in the
Okpekpe section (Fig.7b,2.8d). The shedike geometry, bioturbation and moderate sorting
(Fig. 2.6b) indicate a marine setting. L3 is interpreted as bbacter/waskover fan deposit
based on its stratigraphic position and textiwcharacteristics (Fig.7b, 2.8d), which is
similar to those described by Reinson (1992).
24.1.4Lithofacies 4 (L4): MgO+poor oolitic ironstone

L4 was identified in the Okpekpe section only (R2d/b), where it overlies L5 (see
Section2.4.1.5) and underlies L1 (Fig8.7b,2.8d, 2.8f). It is 1.26 m thick, stratified, and had
solution cavities (Fig2.8f). Furthermore, L4 had an oolitic fabric characterized by symmetrical

concentric growth rings around a nucleus, which was (partly or whelhyaced by iron oxide
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(and/or iron oxyhydroxide) ranging from 14.7 to 28.4% (F&8g1,2.892, Table2.1b). Ooid
GLDPHWHU UDQJHV IURP a28gl,R8y¥2)RThe Pdsal yhidi¥ fingrained
and more compacted with lower iron concentra{bigs.2.7b, 2.8d, 2.8f, 2.8g2, Table2.1b).
The top unit is coarsagrained, less compacted, richer in iron concentration (Eigb, 2.8d,
2.8f, 2.8g1, Table2.1b), and appears to be separated from the lower unit by aistegyylar
(erosive) contacfFig. 2.8d, 2.8f). L4 is interpreted to be a kaolinitgpe oolitic ironstone
(Mucke, 2000) based on its low MgO content (60087%, Table2.1b), the dominance of
woody debris (96%, Tabl@.1a), and the absence of marine micamd macrofossils or
biotubation. Inferences deduced from its geochemistry, texture, fabric and stratigraphic
position (Fig. 2.7b, 8d) point to a shallow brackish water setting lead to iténterpretation
as a bay deposit. This is consistent with the findindggroéorah (1987)Mickeet al,, (1999),
and Mucke (2000), who studied similar aged oolitic ironstones in the Bida Basin.
24.1.5Lithofacies 5 (L5): Poorly sorted crosmdded, very coarséo mediurmgrained mSs
to Ss

This lithofacies has a characteristic sharpsivebase and channel geometry @-ig
2.7a,2.7b,2.7d,2.8a,2.8h), with thickness that can be up to 1m in its central part and tapering
at the flanks. L1 units are commonly amalgamated in the outcrop, consisting of stacked units
eroding into one another @3.2.7a,2.7b, 2.7d, 2.8a, 2.8j). Quartz pebbles and/or coal and
mudstone intraclasts abound at its base (REds, 2.7b, 2.8j; Appendix1.3alka2), grading
into finer mSs of L6 (Appendi%.3a2; see Sectidh4.1.6). It is light coloured but may be dark
due to reworked coaly intraclasts (F&8a) and is bioturbated®kolithos Appendix1.3b) in
places, planar and sigmoidal (Imiegba section, E&g) crossbedded (Appendi®.3c) and
poorly sorted with grains ranging from very coarse to medjuamed n$s to Ss (Fig.6a

b).
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24.1.6Lithofacies 6 (L6): Light coloured sMs to mSs

This lithofacies is poorly sorted, light coloured AR to SFAR, medium mudstone
sandy mudstone (Fig8.6ab, 2.7ab, 2.8a). It typically occurs stratigraphically atop ihich
grades and erodes into it (Bi@.7ab, 2.8a,2.8j). At the Imiegba locality, ripple lamination
was observed (Fi.7a). Dark mudstone and coaly intraclasts commonly occur (Eigs,
2.7b,2.8j).
24.1.7Lithofacies 7 (L7): Heterolithics

Lithofacies 7 is characterized by intercalations of mMs, cMs, sMs, mSs and Ss (Fig.
2.7¢d, 2.8k-1). It is SFAR to Sl, weakly bioturbated, lenticular to wavy rparallel laminated
to thin bedded (Fig.6f, 8k-I, Appendix1.3d-e) and is associated with L5 ab? (Figs.2.7¢
d). The thickness of coarser mSs and Ss units vary from 1cm to 3cm, whereas the finer
mudstone units are commonly less than 1cm (Rdgk-l, Appendix 1.3d-e). Differential
weathering of clayich horizons relative to the sand and silthai@cteristic of this lithofacies
(Appendix 1.3d-e). In the Auchi section, L7 lies stratigraphically on top of L5. The contact
between L5 and L7 is sharp here (RAg.d), whereas in the Uzebba section, L7 overlies L1a.

Process interpretation of L5, l&hd L7 suggests a combination of fluvial and marine
effects. The large particle size, the poor sorting, the characteristic-estogipe base and
channel geometry, the grading upwards motif, as well as inference from the skewness
sorting bivariate plotof L5 (Fig. 2.6f) are indicativeof confined unidirectional fluvial
processes, which predominated during deposition of L5. The coal and dark mudstone
intraclasts in L5, L6 and L7 are interpretasl relics of underlying dark mudstone and coal
eroded under high energy and deposited as energy conditions waned. That notwithstanding, the
bioturbation, lenticular to wavy negparallel lamination and sigmoidal crelsedding are
evidences of a marine sigture in this lithofacies. Consequently, L5 is interpreted as fluvial

tidal channel facies based on its textural characteristics and stratigraphic position similar to
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descriptions of Boyet al (2006). In addition, L5 is subdivided into two subfaciesdating
proximal (L5a) to intermediate positions (L5b). L5a is characterized by reworked coaly and
mudstone intraclasts which erodes into the marsh facies of L1 @), whereas L5b is
characterized by sigmoidal cross bedding which is indicative aigegrdidal influence where

it erodes intdhe central basimudstone®f L1 (Fig.2.7a).

Based on the stratigraphic relationship between L5 and L6, as well as its textural
characteristics, L6 is interpreted as a flintidhl channel floodplain/overbankegosit, which
is similar to those described by Ojo and Akande (2009). The textural characteristics, occurrence
of lenticular to wavy lamination/ bedding, as well as weak bioturbation and stratigraphic
position of L7 suggest an abandoned flutidal chanel. This is similar to the abandoned
tidal channel described by Moslow and TigdReinson (1992).
2.4.1.8Lithofacies Associations (LFA)

Two facies associations werdentified based on lithofacies descriptions and their
stratigraphic relationships.
2.4.1.8.1 Marsh/bay/central basiheachbarrier/washover fan lithofacies association {L2-

L3-L4 LFA)

This facies association is characterized by dark mudstone interbedded with massive
looking, thin poorlymoderately sorted sandy mudstone to sandstone, melgesatted sandy
mudstone to muddy sandstone, and Mggdr oolitic ironstone. L1 suggests quiet water
marsh/bay/central basin depositional conditions (Se&@idi.1), occasionally inundated by
storms that deposited L2 (Secti@W®.1.2). L3 is charactetlis of micromesotidal (wave
dominated) transgressive coastline environments such as beaches/barrier bars and washover
fans partially enclosing the central basin (Secof1.3). Upon rise in sea level, barriers
become drowned, leading to an alternatodrbrackish water mudstones and bebelrier

sandstones (Reinson, 1992), as observed in the Imiegba and Okpekpe sections with the
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intercalations of L1, L2 and L3 (Fig8.7ab). The brackish conditions prevailing allowed for

the formation of L4 at the iatface between (proximal) fluvididal channel and bay (Figs.

2.7b, 2.8a). The stratigraphic relationship between L4, L1 and L5a PHd) lends credence

to this interpretation and possibly represents a (fluvially dominated) bay head deltae(Boyd

al 7KH FRPSRQHQWRRRN WKIHN SERDUGMDG GHOWD LQFC
prodelta facies and L5 as distributary channel (Dalryrapkd., 1992).

2.4.1.8.2 Fluviattidal channel lithofacies association (L%- L7 LFA)

This facies associatios characterized by sharp irregular (erosive) based, poorly sorted,
planar cros$edded very coarse to meditgrained muddy sandstone to sandstone with quartz
pebble lags and/or coaly and mudstone intraclasts, light coloured medium msisidge
mudstone and heterolithics. L5 and L7 represents channel deposition at active and
abandonment phases respectively. Floodplain/ overbank condition is represented by L6. The
poor sorting, the facies geometry as well as the characteristic unidirectional chanhahzed f
deposits of L5 are evidences of highergy fluvial process. The sigmoidal criesiding
observed in L5, the weakioturbation, the lenticular to wavy laminations, as well as the
improved sorting of sand units in the heterolithics evidence tidal mfkie
2.4.1.9Facies Succession

The alluvial to fluvial Lokoja Formation (Section12l) underlying the Mamu
Formation signifies deposition due to highergy mixed gravity and confined flows during
basin subsidence resulting from thermal sag. This lithostratigraphic unit outcrops at the
proximal parts of the western flank. The Mamu Fororatnarks the onset of peSantonian

flooding in the western flank of the Anambra Basin.
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Table 2.2 Lithofacies characterization summary

SIN

Lithofacies

Interpretation

Facies
Association

Gross
depositional
environment

L1

Dark mudstone with thremicrofacies:
planar to wavy laminated microfaci
(M1), lenticular to wavy laminate
microfacies (M2), wavy to curve
microfacies (M3).

L2

Thin sheelike poorly-moderatéy
sorted, moderately cemented skts
Ss.

Marshbay-central
basin

L3

Light coloured, moderately sorte
weakly cemented, weakiyildly
bioturbated, Bls to mSs

Barrierbeachwash
over sand

L4

MgO-poor, kaolinitetype  oolitic
ironstone. lon oxide content range
from 14.7-28.4%.

Brackish water
interpreted as bay
deposit

Marsh/bay/
central basin
-barrier
beach
washover

L5

Poorly sorted crosbedded, very
coarse to mediumgrained mSs to Ss
Two subfacies with L5a characteriz
by reworked coaly andmudstone
intraclasts corresponding to a proxin
setting, and L5b characterized
sigmoidal crossedding
corresponding to more distal setti
with tidal influence.

Fluvial
(dominateditidal
channel deposit

L6

Light coloured sMs to mSs with da

mudstone and coaly intraclasts

Fluvial-tidal
channel
overbank/floodplain
deposit (Ojo and
Akande, 2009)

L7

Weakly bioturbatedgenticular to wavy
non-parallel laminated/thinly bedde
heterolithics characterized t
intercalations of mls, cMs, sSMs, mSs
andSs

Abandoned
meandering fluvial
tidal channel
deposit (Boyd et al.
2006)

Fluvial-tidal
channel+
floodplain

Tidal influenced
wavedominated
estuary

(Reinson, 1992)
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Fig. 2.9. ac, Strong positive correlation of Zr vs. Hf, Nb vs. Ti, and Ta vs. Ti in binary plots,
respectively. d, Scatterplot of SiO2 vs. Zr, SiO2 vs. TiO2, and Zr vs. Al, respectively. Note
the red broken line indicating the UCC composition for the elements and oxides

At least two cycles of sedimentation can be observed from the outcrop sections studied:
each depositionalycle begins and ends with a regressive phase characterized by deposits of
fluvial-tidal channels with evidence of incision of older strata. This phase is succeeded by a
transgressive phase beginning with a flooding surface typifiekeolyase of1. TheOkpekpe
and Imiegba sections illustrate this succession, as they show the transitioning from channelized
flows into open uconfined deeper brackish water. The latter resulted from rising sea levels
(outpacing clastic input), which induced flooding and aste conditions as represented by
L1- L2- L3-L4 LFA. L6 and L7 also represent flooding of L5, with L7 interpreted to represent
high-stand conditions in the filling history. The gross depositional environment based on facies

analysis is one that has evides of fluvial and marine processes and as such is interpreted as
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a tidally influenced, wavelominated estuary similar to the partially closed wave dominated

estuary of Reinson (1992).summary of the lithofacies characterization is given in Table 2.2.
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24.2 Geochemical characterization
24.2.1Source and distribution of elements

Bivariate plots of geochemical data (Taldb) reveal the existence of a strong
correlation between 4rs.Hf, Nb vs.Ti, and Tavs.Ti (Figs.2.9ac) and moderate correlation
between Nhvs.Zr, and Tavs.Zr (Appendix1.4ab), implying that Ta, Nb, Hf, Ti and Zr are
concentrated in the heavy mineral fraction of the sediments (i.e. rutile, ilmenite, etc. and zircon
respectively). This hypothesis is supported by the moderate positive correlation betwsen Ti

Al (Appendix 1.4c) and the moderate positive correlation betweevsT4r (Appendix1.4d)
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The correlations suggest chemical immobility of Ti and some conibof Ti from zircon

(Zaid, 2015), implying that rutile is not the only source of Ti (Wanhgl, 2018).

Furthermore, the broad distribution between S9Zr (Fig. 2.9d) and SiQvs.TiO>
(Fig. 2.9e) indicates that the amount of quartz has no effedti @and Zr concentrations in the
sediments. This is supported by the very weak correlation betwaenAdr La vs.Al, Hf vs.
Al, Y vs.Al, Covs.Al, and Thvs. Al in the binary plots (Figs2.9f, 2.10ab, and Appendix
14ef, 1.5a), which suggests iigmificant sorting during weathering and sediment transport.
The observation agrees well with the hypothesis that Zr, La, Hf, Y, Co, and Th are derived
from variable sources and occur in both the coarse guentzandy fraction and the finer
kaolinite-rich mudstone fraction. Better positive correlation betweers34, V vs Al, Crvs
Al, Ti vs.Al, Ni vs.Al, Nb vs.Al, Tavs Al, and Uvs.Al was noted in the binary plots (Figs.
2.10ce, and Appendixl.4c, 15b-e), indicating some concentration the kaoliniterich
mudstone fractionIn addition, the strong negative correlation between, S Al2Os
(Appendix1.5f), and total clayws.quartz(Fig. 2.6f) suggests that quartz is mainly derived from

detrital sources (Amedjost al., 2018).

24.2.2 Paeoclimate, provenance and tectonic setting

Several proxies including mineralogical composition (i.e. quartz content and clay
mineral type), and major, trace and rare earth element concentrations, palynology, molecular
and isotope geochemistry amongst athean be used for paleoclimate, provenance and
paleotectonic studies of sedimentary rocks (Pettat, 2005; Baset al, 2016). In this study,

we decided to use mineralogy, major element, and trace element proxies.
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Fig. 2.11. a, Maastrichtianpalaeogeographic and paleoclimatic reconstruction of Africa
(adapted from Chumakov et al. in Hay and Floegel, 2012); note legenottam of figure.

The red box shows Nigeria under humid tropical climate. b, Y€\CIA binary plot. Notice

the high CIA ad mineralogical maturity of the pe&antonian Mamu Formation, whereas the
pre-Santonian mudstones (data from Amajor, 1987a) indicate low CIA and mineralogical
immaturity. ef, Th/Covs.Th/Cr,Th/Scvs. La/Sc, Cr/\Ws.Y/Ni (after Hiscott, 1984), and Th/U

vs. Th/Sc used to constrain provenance and paleotectonics of the sediments. Th/Co, La/Sc,
Th/Cr andTh/Sc data ranges for felsic and mafic rocks as well as young undifferentiated arc,
recycled sedimentary rock and old sialic rock obtained from Cu|B980) (sed able2.3).

Table 2.3 Ratios of trace elements from felsic and mafic rocks (adapted from Cullers, 2000).

Trace element ratios
Provenance La/Sc Th/Sc La/Co Th/Co Th/Cr
Felsic rocks 0.7-27.7 0.64-20.5 1.422.4 0.319.4 0.06%4
Mafic rocks 0.41.1 0.050.4 0.140.38 0.041.4 0.0020.0046
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24.2.2.1 Paleoclimate

The low content of N#®, CaO, MgO and ¥O, as well as the dominance of kaolinite
as the main clay mineral and minor illite in the sediments (Taldla) signifies intensive
chemical weathering, which corresponds to tropical conditions prevailing in the source area
that lead to intense leaching (Singer, 1984; Rimsgidal, 2017). This interpretation is
supported bythe concentration o$c, V, Cr, Ti,Ni, Nb, Ta, and Uin the kaoliniterich
mudstone fractionsgction2.4.2.1)(Feng and Kerrich, 1990; Zaid, 201%he Maastrichtian
paleoclimatic reconstruction (Chumaketv al in Hay and Floegel, 2012), which placed the
Anambra Basin (and Nigeria as aoi#) within the tropical climate (Fi@.11a) belt a well as
a high chemical index of alteration (CIA = &3/ (Al203+ CaO + NaO + K:0) x 100)
(Nesbhitt and Young, 1982; Potter al, 2005) exceeding 90% (Fig.11b).In addition, a low
index of compositional variability (ICV= (E®; + K2O + NgO + CaO + MgO + MnO +
TiO2)/Al203) (<1%, Fig.2.11b) is indicative of an advanced mineralogical maturity (€bx
al., 1995; Wanget al, 2018) of the sediments. In contrast, gemical data from some pre
Santonian strata show low CIA and high ICV values of$aatonian mudstones (Fg11b),
which suggest less intense chemical weathering and mineralogical immaturity (data adapted

from Amajor, 1987a).

24.2.2.2 Provenance arfélaleotectonics

La, Sc, Th, Hf, Co, Ta, V, Cr, Ni, Zr, Y, Nb, Ta, etc., are conservative elements, being
relatively immobile/insoluble during weathering, diagenesis and transportation of source rocks
(Bhatia and Crook, 1986; Wronkiewicz and Condie, 1990te@y 1995, 2000; Pottest al.,

2005). We assume that the disparity in the trace element geochemistry of the provenance and
sediments are subordinate to insignificant (see Se2t®®.1). Enrichment of Th, U, Ta, Nb,

Zr, Y, Hf and La (high field strerg trace elements [HFSTE] with a partition coefficient < 1)
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occurs in felsic igneous rocks rather than in mafic rocks due to their preferential partitioning in
silicic melts upon crystallization of mineral phases (Feng and Kerrich, 1990; Best, 2068; Ali
al., 2014; Hassan, 2017). Conversely, Cr, Co, Ni, V, Sc (transition trace elements [TTE] with
a partition coefficient >1) are compatible elements abundant in mafic igneous rocks, where
they readily substitute for major elements in mafic to ultramafic raiqpdases. Consequently,

their ratios (HFSTEvs. TTE) provide insight into the composition of the provenance and
tectonic settings of sedimentary rocks, as indicated by the classification given by Cullers

(2000).

Bivariate plots of Th/Ces Th/Cr, Th/So/s La/Sc, Th/Cors.La/Sc, Th/Covs Th/Sc,
Th/Crvs La/Sc (Figs2.11cd, Appendixl.6ac), based on the data ranges from Cullers (2000)
(Table2.3) reveal a dominantly felsic source for the sediments. Binary plots of\Gri/Ni,
and TO2 vs. Zr (Fig. 2.11e, AppendixL.6d) favour a felsigntermediate provenance for the
postSantonian sediments and {8antonian rocks (data adapted from Amajor, 1987a). High
=U &,$ 6L $O 7K 6F - DQG 7K 8 211b), ihighxchedRerize&9 )L J
terranes with old sialic and/or recycled sedimentary rocks (McLeeinah 1993) as well as
Th/Scvs. Th/U bivariate plot (Fig2.11f), whichimply that the provenance of the Campano
Maastrichtian Mamu Formation sediments is dominantly fromaled preSantonian rocks.

In addition, the implication of felsimtermediate rocks in the source area (FR&lce,
Appendix 1.6ad) suggests an extensional tectonic regime devoid of orogenic volcanic rocks
at the time of sediment accumulation in agdas margin setting as depicted in the binary plot

of K2O/N&O vs SiG; (Fig 2.12a).
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Fig. 2.12. a, Th/Sc vs. Zr/Sc binary plot (after McLennan et al.,, 1993) implying that the
sediments are sourced from basement rocks aneSanéonian rocks. Ho, pre-Santonian
arkosic sandstone outcrop near lkpeshi. d, Hand specimen-&gnonian arkosic sandstone.
Note the sulangular pebbly quartz and feldspar grains. e, K20/Na20 vs. SiO2 (after Roser
and Korsch, 1986) used to constrain paleotectonics cdedenents as well as p&antonian

and Precambrian rocks. Note that basement rocks plot in the active continental margin field.
Data for preSantonian and Precambrian basement rocks obtained from Amajor (1987a), Igwe
(2017) and Imarhiagbe (2017) respeediy.

Furthermore, the binary plot of2R/NaO vs SiO (Fig 2.12a) also shows a clear
contrast between the provenance and paleotectonic signatures of the pre a&hfmsan
units. Whereas the peSantonian units are more distinct from the basemenasige due to
sediment recycling, the signature of the basement an8amtonian rocks are quite similar.

This suggestsaa dominant basement source for the pamtonian rocks (Amajor, 1987b; Igwe,

87



2017), which explains the high ICV and low CIA values régob for the preéSantonian rocks

and vice versa. This hypothesis is consistent with the current understanding of the tectonic
setting of preand postSantonian Benue Trough evolution (Edegbiaal (GHJEDLTV
unpublished data reveal the presencbaflders of pebbly to coarse grained sHoeamented
arkosic sandstone outlier (Bi2.12 b-d) close to Ikpeshi (N7 1 79 °C 1 11

in the western section of the Anambra basin, which has similar mineralogy and textural
characteristics opre-Santonian sandstone units described elsewhere (Hoque, 1977; Kogbe,
1981; Amajor, 1987b; and Shettiratal, 2018). This arkosic sandstone is interpreted to be a
relic of preSantonian rocks that sourced a large proportion of theSsrgbnian sedimésin

the western Anambra Basin. In addition, the bivariate plot of ThéSZr/Sc (Fig.2.12e;
McLennanet al, 1993) suggests some contribution from the basement rocks around the Benin
Flank, which comprise three main lithological unitsthe MigmatiteGneissQuartzite
complex, the metasedimentary rocks, and the Older Granite suite (Weileds 1987;

Odeyemi,1988).

Recent palearainage models (Bonne, 2014; Markwick, 2018) suggest that the paleo
River Niger and pale®iver Benue drainage systems were important sediment transport
sources to the Anambra Basin during the Campanian to Maastrichtian stagesmbaless
imply different provenance signatures for the g@antonian rocks in the western and eastern
sections of the Anambra Basin. The western section of the Anambra Basin, as confirmed by
this study, received a large proportion of its sediment cotitibdrom preSantonian rocks,
and a minor contribution from P@ambrian basement, whichpgrhapsa consequence of a
strong contribution from the paledriver Niger drainage system. Conversely, sediment
contribution in the eastern section of the Ananmain derived predominantly from reworked
pre-Santonian rockperhapgdue to strong contribution from the palBoser Benue drainage

system (Edegbadt al,, 2019; M. E. Okiotor, pers. comm., 2015; Amajor, 1987b).
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Conclusion

The major findings of thistudy are listed below:

MgO-poor oolitic ironstones in the Benin Flank of the western Anambra Basin have
been documented for the first time.

Inferences drawn from mineralogical, palynological and sedimentological observations
indicate that waveaminated estuarine conditions were prevalent in the western section
of the basin during the CampaM=aastrichtian ages.

The estuarine depositional conditions were responsible for the widespread facies

variability of the Mamu Formation reportetsewhere in the Anambra Basin.

Multiple proxies (based on mineralogical and palynological observations) indicate that
the dark mudstone lithofacies of the Mamu Formation is heterogeneous, varying from
central basin, to bay, and marsh environmentss Thicrucial for its hydrocarbon
potential especially, as the central basin mudstone may hold potential for oil generation
from type II/lll kerogen, inferred from the high percentage of palynomorphs. This result

stands in contrast to the consensus thaiudes/a gas prone kerogen type Il source.

Tropical conditions characterized by intense leaching in the source area prevailed

during the midMaastrichtian.

The CIA and ICV of the preand posiSantonian units imply that the peSantonian
sedimerg are mineralogically mature and more severely chemically weathered in
contrast to the postantonian rocks that are mineralogically immature and less

chemically weathered.

A clear distinction exists between the provenance signatures of the pre sthd po
Santonian units. The peSantonian rocks show a mixed provenance with felsic

intermediate composition which gives evidence of sediment recycling from pre

89



Santonian rocks as well some contribution from Precambrian basement rocks, whereas
the signaturefathe preSantonian rocks imply a basement source for th&Sprgonian

rocks. The bivariate plot of Th/Sc vs. Zr/Sc. substantiates this hypothesis

(7) A passive margin tectonic regime inferred from mineralogical and geochemical
analyses is consistent Wwithe current understanding of the tectonic setting ehpce

postSantonian Benue Trough evolution.
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Appendix 11. ad, Representative-Xay diffractograms for the identified mineralogical
groups.
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Appendix 1.1c
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Appendixl.2. a-d, binary plots of SiO2 vs. K20, CaO vs. MgO, Fe203 vs. K20, and Fe203
vs. MgO (Cuadros et al., 2017) used to constrain paleosalinity conditions of L1a, L1b and L1c.
Note the red broken line, whiahdicates the UCC value for the oxides.
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Appendix1.3as,a2, quartz pebble lags at the at the base of L5. Notice the normal grading in
3al. b, Weak to mild bioturbation in L5 (Skolithos).® at Imiegba section showing sigmoidal
cross bedding indicative of tidal influence. d, Uzebba section showing L7. e;uplesetion

of L6 showing the thin mSs beds alternating with-sMs laminae.
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