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ABSTRACT: The Niger Delta is a stratigraphically complex fluvial system of Tertiary age. A total of 15 ditch cutting samples 
were obtained within the interval of interest, from which 3 wells were subjected to inorganic geochemical and mineralogical 
analysis to determine the major and trace element concentrations. Inferences from the results show that the Agbada 
Formation is divided into four Chemostratigraphic mega zones, 12 geochemical units and 9 sand units with geochemical 
boundaries for DS well at depths of 12,300 ft to 13,500 ft and 7,840 ft to 8,660 ft for ML 1 Well, and ML 2 well at depth 
13,240 ft to 14,530 ft. Changes in values of Ga/Rb and Al2O3/(CaO+ MgO+K2O+Na2O) indicate warmer paleoclimate and 
increasingly intense hydrolytic weathering, marking a sustained change in the paleoclimate. The high percentage 
concentration of Al2O3 is an indication of abundant clay minerals, whereas the high concentration of Zr suggests 
sedimentary reworking of the sediments. High V/Ni against Co/Mo ratio concentration intensified upwelling, particularly in 
those restricted depths was favoured by palaeogeography and significant fluvial input. Conditions could readily evolve 
from poorly oxygenated to anoxic, the latter state being geochemically the most significant condition. The major oxides 
trace elements revealed four chemostratigraphic boundaries for DS. ML 1 and ML 2 wells, respectively. The information 
from V/Sc, Ni/V and V/(V+Ni) ratios indicates the prevalence of anoxic conditions. The redox-sensitive trace elements of 
the shaly middle parts of the well suggest dysoxic–anoxic conditions, and in most parts of the ML 2 well. Ratios of SiO2 
and Al2O3 correspond to sedimentary facies, namely sandstone, siltstone and claystone, while variation in ratios of Cd/Ba 
and Al2O3/(Na2O+CaO+K2O+MgO) depicts fluctuating paleoclimate during the deposition of the sedimentary sequence. 
Geochemical values of Cr/Al2O3, Cr/Na2O and Nb/Al2O3 relate to changes in sediment provenance and indicate that during 
deposition, the provenance became more mafic and less intermediate. The chemostratigraphic correlation is more detailed 
than is available from other stratigraphic techniques.  
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INTRODUCTION 
 
The Tertiary Period is characterised by mixed siliciclastic 
and carbonate constituents in the stratigraphic profile of 
the mid–continent (Lane and De Keyser, 1980), which 
yields complex reservoir lithologies and distributions that 
are laterally discontinuous and difficult to predict. These 
complexities have led to nomenclature inconsistencies that 
complicate correlation efforts and often cause the system 
to be defined lithostratigraphically and biostratigraphically, 
and   invariably   chemostratigraphically   (Mazzullo   et   al,  

2013; Childress and Grammer, 2015). 
In recent decades, the characterization and 

fingerprinting of individual sedimentary units based on 
elemental (major and trace elements) and isotopic 
geochemistry have emerged to be a potential tool for 
correlation of widely separated strata where there is 
paucity of biostratigraphic information; this concept is 
referred to as chemostratigraphy (Ramkumar et al., 2021; 
Turner et al., 2016). The method is centred on the principle   
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Figure 1. Showing location map of the study Area. 
 
 
 

that the chemical composition of sediments is a genuine 
recorder of the depositional conditions of the sediments 
and reflects the changes in the paleoredox conditions. 

Akaegbobi and Ogungbesan (2016) investigated the 
depositional environment of the basin using major oxides, 
trace and rare earth elements. The investigation 
concluded that restricted to open shallow marine 
environments, under fluctuating oxidising to anoxic 
conditions prevailed in the basin, but the study was 
restricted to the Palaeocene limestones of the basin. 
Ehinola et al. (2016) likewise deduced a probable anoxic 
condition in quiet, low-energy environments and a rapid 
rate of sulphate reduction for the Palaeocene limestones. 
Chemostratigraphy is a trending aspect of Geochemistry 
which became more frequent in the 1980s, with the oldest 
publication in 1986 (Ramkumar, 2015). It deals with the 
fact that sediments are the custodian of records of 
changes in physical, chemical, biological conditions and 
events which take place before, during and after their 
depositions to express paleoclimatic variations, tectonic 
settings, provenance, reservoir characteristics, 
paleoenvironments; relating to their source and 
mechanism associated with their origin in stratigraphic 
context (Ramkumar, 2015). The present study deals with 

boreholes that cut across the different lithologic units in the 
Late Miocene to middle Miocene wells to delineate the 
geologic history in selected fields in Niger Delta, to infer 
the variations levels downhole the wells, determine the 
profile of the trace metal ratio of interest down dip the well 
of study and to assess the validity and limits of 
geochemical profiling as a correlation tool in fluvial 
successions. 
 
 
Location of study 
 
The study area is located in three depobelts in the Niger 
Delta offshore. The depobelts with geographic co-
ordinates of latitudes 5°33ʹ 42.533'' N and 5°6ʹ21.334'' E 
longitude for DS, while ML 1 lies between latitudes 
5°46ʹ42'N to 4°48ʹ50'' E longitude and ML 2 falls within 
latitudes 5°50' 48'' N and longitude 4°49' 52'' E as shown 
in Figure 1. 
 
 
Geology and stratigraphy 
 
The  stratigraphic  sequence  of  the Niger Delta consists of 
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Figure 2. The regional stratigraphic column of the Niger delta Basin shows the three major units in the 
delta (Akata, Agbada, and Benin formations) (Doust and Omatsola 1990). 

 
 
 

coarsening upward sediments that are diachronous 
(Weber et al., 1975; Evamy et al., 1978). The Cenozoic Niger 
Delta Stratigraphy is a direct product of the various 
depositional environments. The earliest information on the 
geology of the Niger Delta was reported by Frankl et al. 
(1967), Short and Stauble (1967), and Avbovbo et al. 
(1978) and also in subsequent studies by Evamy et al. 
(1978), Ejedawe et al. (1984), Haack et al. (2000) and 
Reijers (2011). Stratigraphically, the delta is divided into 
three formations, which are the Akata, Agbada and Benin 
formations (Reijers, 2011). The age of these formations 
decreases basin-ward, reflecting the general regression of 
depositional environments within the Niger Delta clastic 
sedimentary wedge (Figure 2). 

MATERIALS AND METHODS  
 
Three boreholes, BH wells namely DS, ML 1and ML 2 
wells, were utilised for this study. The samples studied 
were carefully selected to fall within the age range of the 
study. The age of the sediments was confined using 
marker species of palynomorphs and nannofossils. The 
wells of study fall within the stratigraphic column of 
interest, as this depth contains a typical Miocene 
assemblage of palynomorphs of Gemmamonoporites sp., 
Psilatricolporites crassus, Verrucatosporites usmensis 
and Constructipollenites ineffectus. The presence of 
Miocene nannofossil marker species of Neochiatozygus 
modestus. DS, ML 1and ML 2 wells were used to confine  



 

 

 
 
 
 
the depth of study. Varied geochemical analysis of major 
and trace elements was carried out on a total of 15 
samples at the National Geosciences Research 
Laboratories at Barnawa, Kaduna. 15 of the samples are 
from the study well (sample numbers are depths in ft), The 
multi-acid, Ultra-trace inductively coupled plasma mass 
spectrometry ICP-MS (MA250) and whole rock Lithium 
Fusion ICP finish (LF300) methods were used. The MA250 
method is capable of dissolving most minerals, which 
gives near-total values for about 36 elements. The method 
was conducted on 15 samples. A 0.25 g split is heated in 
HNO3, HClO4 and HF to fuming and taken to dryness, the 
residue is then dissolved in HCl. The LF300 (ICP/ICP -MS) 
analysis employs the fusion technique to completely 
decompose even the most refractory matrices to measure 
the concentration of the major oxides and loss on ignition 
(LOI). This was carried out on all 15 samples. A split was 
taken to represent the original sample and was subjected 
to quality (QA/QC) control checks during the progression 
of the analytical portion. The measured concentrations 
were compared with the Post Archaean Australian Shale 
(PAAS) (Taylor and McLennan, 1985) and also the 
average Upper Continental Crust concentrations 
(McLennan, 2001). 
 
 

RESULTS AND DISCUSSION 
 
The result of the analysis is summarily presented in the 
sections, since it is a large data set. However, the log view 
profiles are represented in Figure 3. The profile consists of 
log view throughout the well for V/Ni, Y/Nb, Zr/Cr, Rb/Cs, 
Cr/Na2O, Na2O/Al2O3, Ga/Rb, Al2O3/Bases and 

(Fe2O3+MgO). The shale volume indicates a sandstone 

formation between 12,300 to 13,500 ft, then intercalations 
of shale, sandstone, siltstone and carbonate rocks between 
7,840 to 8,660 ft. ML 1 wells are mostly carbonate rocks, 
and from 13,240 to 14,530 ft of ML 2 wells. The value of 
Fe2O3/SiO2 is low (between 0-16) throughout the same 
intervals at the bottom of the wells due to the low presence 
of organic matter and relative formation of pyrite. However, 
from the middle to uppermost intervals of the three Wells, 
the value of the Ti/Zr decreases (5-65), but the value of Fe/S 
increases (4-45) across the same relative intervals in the 
three wells (Figure 3). These characteristics are presented 
in Table 1, which shows the summary of the 
concentrations of the major oxides from the wells. 
 
 
Chemostratigraphic data of the study wells 
 
The depiction of various log view diagram of kaolinite 

against Al2O3 below shows a weak linear relationship with 

K2O (Figure 3). This means that more Al2O3 rich minerals 
could also have been responsible for the distribution of 
Al2O3 in the DS well. K2O in the DS well was  controlled  by  
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more than one mineral. For example, in Tables 1 and 2, 
microcline, illite/muscovite and jarosite were responsible for 
the distribution of K2O in the DS well, but microcline exerted 
more control than other K2O containing minerals. The 

depiction of the log view diagram of microcline against K2O 

in (Figure 3) showed a weak uphill linear relationship with 
Al2O3, which meant that there were more K2O rich minerals 
that were exerting some control in the distribution of K2O. 
DS well, but microcline exerted more control than other 
K2O containing minerals. The depiction of various log view 
diagram of microcline against K2O (Figure 3). The key 
element Al2O3 is primarily controlled by kaolinite, with 
values of 4.78%. K2O is mainly controlled by jarosite with a 
value of 1.14% and /or illite/muscovite. Na2O was 
controlled by Na containing minerals, which may have 
included plagioclase. 

These sedimentary complexes are studied lithologically 
in the areas where ( Z r /P 2 O 5 )  phosphorite and Zircon 
deposits occur in the tectonic structure (Osokin, 1999). 
The sedimentation coincidence of these sediments has not 
been established for a long time (Vishnevskaya and 
Letnikova, 2013). Studies of rare earth and trace elements 
in carbonate rocks showed that they were formed over a 
long period of time in the open shelf environment with little 
to no influence of terrigenous material from the continent 
and complete absence of volcanogenous and 
hydrothermal material (Letnikova and Geletii, 2005). So, 
there is a chance that these sediments recorded the 
composition of oceanic waters at the time when they were 
formed, and there is a possibility to determine their 
sedimentation interval. 

Due to the importance of this case point, samples from 
the base Tertiary in three drilled wells were analysed in the 
laboratory. The silty claystones immediately above 12,550 
ft showed enrichments in Si, Ca and Zr but depletions in Ti 
and Al. These variations are distinctive and repeated in all 
three control wells. In sample 12,300 ft; marks an increase 
in Al2O3 with a little decrease in K2O sandstone and also 
an increase abundant in Al2O3 within depth 12,700 to 
13,100 ft which is equivalent to K2O at 12,700 ft and this 
elemental mineral is also presence within these depths 
(Figure 3); but a massive decrease in K2O and Al2O3 but 
also an abundant increase in Zr and a gradual decrease in 
P2O5 down dip the hole. 
 
 
Stability of the study wells 
 
The geochemical boundary is shown in Figure 4. From the 
plot of K2O and U (ppm), there was a general increase, 
followed by a decrease at 12,960 ft, and the values trended 
downward to 12,300 ft, 12,600 ft, 13,290 ft, and 13,500 ft. 
Above the geochemical boundary at 12960 ft, the trends 
of K2O and U (ppm) decrease were generally high, and 
there was a general increase in trend from the base, 
showing that the well will collapse  at  12,960 ft  and  is  not  
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Figure 3. Showing depiction of various log view of DS Well. 
 
 
 

Table 1. Major oxides of DS Well for chemostratigraphic characterization. 
 

Depth (ft) 
Oxide composition (%) 

SiO2 MgO CaO K2O Na2O MnO P2O5 Fe2O3 TiO2 Al2O3 SO3 H2O 

12300 5.06 ND ND ND ND 0.77 0.68 53.08 ND 8.00 4.01 27.60 

12630 51.80 ND ND ND ND 0.18 ND 0.38 5.18 12.00 3.16 21.30 

12960 48.54 ND 0.02 1.20 0.60 0.36 0.34 6.10 2.74 17.51 ND 22.60 

13290 4.20 ND ND ND ND 0.95 0.05 67.90 ND 2.48 ND 24.50 

13500 49.13 ND ND 0.46 0.12 0.18 ND 6.12 4.76 12.48 3.76 22.80 
 
 
 

environmentally suitable (Figure 4). 
The plot had higher KO2 values (1.05 to 2.40%) and 

lower U (ppm) values (0.09 to 0.60%). The averages of 
KO2 and U (ppm) values were 2.122 and 0.152%, 
respectively. It shows that at depth of 12,960 ft, the DS 
Well has more potassium and hence potentially more 
susceptible to weathering/erosion and could easily result 
to well failure due to casing collapse, which is the plot of U 
(ppm) versus KO2 for DS well, it indicates that at depth at 

a 12,960 ft, KO2 have higher content in the corresponding 
sediment sample, which is approximately similar to U 
(ppm) content relative to other samples in the plot (Figure 
4). This translates to the greater sediment instability and 
higher potential for well collapse at 12,960 ft. This should 
imply that the sandstone formation at depths 12,630 to 
13,500 ft bears poor sweep/production efficiency. Given 
cognisance of the spatial distribution of the studied 
stratigraphic sections, the phosphorus anomalies could be  
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Table 2. Trace/minor elements of DS Well for chemostratigraphic characterization. 
 

Elements 12300 ppm 12630 ppm 12960 ppm 13290 ppm  13500 ppm 

V 9840.00 5600.00 8400.00 9740.00 4200.00 

Cr 380.00 1800.00 2200.00 240.00 700.00 

Ca 620,00 800.00 1300.00 3000.00 400.00 

Sr 460.00 288.00 401.00 3600.00 211.00 

Zr <0.001 9890.00 9610.00 310.00 8010.00 

Ba 201.00 400.00 400.00 220.00 314.00 

Zn B0.00 500.00 512.00 <0.001 500.00 

Ce <0.001 <0.001 <0.001 <0.001 <0.001 

Pb 0.780 <0.001 <0.001 <0.001 <0.001 

Bi <0.001 <0.001 <0.001 <0.001 <0.001 

Ga 18.50 18.00 <0.001 <0.001 18.50 

As <0.001 1.160 18.50 <0.001 0.950 

Nd <0. 001 <0.001 <0.001 <0.001 <0.001 

Y <0.001 <0.001 <0.001 <0.001 10.00 

Ni 3600.00 <0.001 110.00 4300.00 <0.001 

Rh 0.480 3.00 0.008 <0.001 <0.001 

Mo 6300.00 3410.00 5600.00 5700.00 1200.00 

Ti <0.001 <0.001 <0.001 <0.001 <0.001 

Cd 0.060 <0.001 <0.001 <0.001 <0.001 

Ru <0.001 1.410 <0.001 <0.001 1.530 

Eu 0.120 <0.001 <0.001 <0.001 <0.001 

Re <0.001 <0.001 <0.001 <0.001 <0.001 

Nb 3400.00 <0.001 0.280 3400.00 <0.001 

Ta 500.00 <0.001 1.001 461..00 <0.001 

W I 12.00 <0.001 24.00 32.00 <0.001 

Hf <0.001 23.50 51.00 <0.001 26.00 

Yb <0.001 <0.001 <0.001 <0.001 <0.001 

Se <0.00 1 <0.00 1 <0.00 1 <0.00 1 <0.00 1 

U <0.001 <0.001 <0.001 <0.001 <0.001 

Th <0.001 <0.001 <0.001 <0.001 <0.001 

Sb <0.001 <0.001 <0.001 <0.001 <0.001 

Ge 21.50 <0.001 12.05 <0.001 6.50 

Sn 168.00 38.00 34.00 9840.00 0.084 

Pd <0.001 0.84 <0.001 <0.001 0.770 

La 0.118 <0.001 <0.001 <0.001 0.030 

Co <0.001 0.140 <0.001 <0.001 0.170 
 
 
 

inferred to have been caused by processes that acted on 
a regional/basinal scale. P2O5 forms an essential 
ingredient for primary production in the life cycle (Tappan, 
1967; Munnecke et al., 2010) and is directly connected 
with oceanic productivity at a global scale (Figure 3). It is 
interesting to note that the periods of enhanced P2O5 
accumulation are coincidental with periods of significant 
reduction of chemical weathering in the source area as 
indicated by the corresponding negative anomalies which 
normally result during periods of sea-level rise/high 

(Rangel et al., 2000) and very high K2O/Al2O3 ratio of the 

rocks when compared negate the possibility of relating 

these positive anomalies with sea-level maximum and 
enhanced primary productivity. 
 
 
Chemostratigraphic zonation characterisation of the 
DS well 
 
Mega-Zonation 1 (MZ 1) 
 
The MZ 1 runs from 12,300 to 12,600 ft; this mega-zonation 
dates from the late Miocene. In this sequence, Vanadium 
contents are relatively lower than Nickel contents, ranging  
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Figure 4. Showing well stability for DS Well of the study area. 
 
 
 

 
 

Figure 5. Showing the zonation of DS Well base on elemental ratios. 
 
 
 

from 2.7 to 5.6, with an average of 0.6 and a maximum of 
0.16; this is the V/Ni ratio. The V/Ni ratio which had been 
used as indicator of redox environment shows a significant 
variation, clearly the sandstones intervals such as 12,350 
to 12,600 ft and 12,950 to 13,500 ft show very high values 
which indicates that the sediments were deposited in 
shallow marginal marine or coastal near shore 
environment, while depths that have significantly high V/Ni 
ratios were deposited in marine environment (Figure 5). 
The depth range of 2,125 to 2,350 ft bears very high V/Ni 
ratios, which seemingly corresponds to the middle to late 
Miocene, which has been indicated as the best source 
rocks (Ramkumar, 2015). 

Mega-Zonation 2 (MZ 2) 
 
MZ 2 runs from 12,630 to 12,960 ft. This mega-sequence 
lies between the Miocene. Mo contents are relatively much 
lower than Sr contents, ranging from 1.58 to 13.97, with an 
average Mo/Sr ratio of 0.06. Sr becomes less abundant 
than Mo. The Mo/Sr ratio markedly discriminates the 
sandstone rich interval from the shale rich interval, the 
depth range of 12,600 ft to 12,960 ft indicates high values 
of Mo/Sr ratio, but with an increase in Hf/Ge ratio shows 
a corresponds to the interval, which was characterized by 
widespread deposition of sandstones which could have 
been sourced from continental clastic rocks. 
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Figure 6. Showing the zonation of DS Well base on major oxides ratios. 
 
 
 

Mega-Zonation 3 (MZ 3) 
 
The MZ 3 starts from 12,960 to 13,300 ft; this mega-
sequence dates from the late Miocene. In this zone, V/Ni 
ratio grades are relatively higher than Mo/Sr grades, 
ranging from 1.58 to 13.97, with an average of 0.5 for the 
Hf/Ge ratio. Cr/Zr ratio is 0.5, which follows the Sr/Cr trend, 
with contents ranging from 0.16 to 15 for Cr/Zr and a ratio 
of for Hf/Ge (Figure 6). These grades are the same in both 
DS and ML 2 wells, and the behaviour of the sediments in 
both wells is the same. This will enable us to make a 
correlation between these wells. 
 
 

Mega-Zonation 4 (MZ 4) 
 
MZ 4 starts from 13,300 to 13,500 ft. This mega-sequence 
lies between the Early-Late Miocene. V/Ni contents are 
relatively higher than Mo/Sr contents, ranging from 1.58 to 
13.97, with an average Mo/Sr ratio of 0.06, which is also 
lower than Sr/Cr ratios. The absence of Hf/Ge and Cr/Zr 
ratios is very significant; as a result, concentrations of 
these elements are influenced mainly by the abundance 
and distribution of illite, smectite and mica, to a lesser 
degree (Figure 6). In any siliciclastic sequence, the primary 
differences in whole rock geochemistry occur between 

lithologies (Ratcliffe et al., 2007). The SiO2 and Al2O3 have 

been used to understand the relationship between 
sandstone and clay in sediments. In this study (Figure 6), 
a binary plot of SiO2 and Al2O3 shows a linear relationship 

for both SiO2 and Al2O3, with a ratio of 0.6-4.3 for all the 

samples from the wellbore. However, the majority of the 
samples occur between 30 to 60% of silica relatively with 
high value ratio of 14-27 in Al2O3/K2O, compared to a low 

value ratio of 0.2-0.5 K2O/Al2O at depth 13,290 to 13,500 ft. 

Change in paleosalinity 
 
Salinity affects the water stratification in a lacustrine or 
marine basin and has a marked influence on the 
development of source rocks. The paleowater salinity is 
usually determined according to the differential 
accumulation of elements. Ba can precipitate after 
combining with other elements. Ba is less soluble, while 
Ba2+ is prone to combine with SO4

2- to generate BaSO4, 
which will precipitate (Sun et al., 2013; Song et al., 2017; 
Li et al., 2019a; Zhang et al., 2020). Ba will precipitate at 
the bottom of a water body when the salinity rises to a 
certain level, Sr can migrate more easily than Ba, and Sr 
will precipitate only when the salinity is very high (Xi et al., 
2011; Fu et al., 2016; Wang et al., 2018; Zhang et al., 
2020). Thus, the presence of Sr in the samples is thought 
to have originated from the clay fraction instead of 
carbonate-hosted Sr, except for a few samples with high 
CaO content. The Sr/Ba value is 0.91–16.35 (average of 
3.45) for the DS well samples, and 1.09–2.68 (average 
0.75) for the ML 1 well samples, indicating that the DS well 
formation was deposited in a fresh water environment (salt 
water environment occasionally) (especially for DS well at 
depth 13,290 ft). Rb/K is also an effective index for 
determining the salinity of paleowater (Zhang et al., 2020; 
Zhang X. et al., 2021). For the DS well samples and 0.7–
0.45 (average 0.43) for the ML 1 well samples, suggesting 
that the Middle – Late Miocene were deposited in a fresh–
brackish water environment with an upward increase in 
salinity. The Sr/Ba and Rb*1000/K values increase from 
the bottom to the top in DS well at depth 12,300 ft and ML 
2 well at depth 14,530 ft, indicating that the Middle – Late 
Miocene were deposited in a fresh–brackish water 
environment with an upward increase in salinity which may 
suggest the increased inflow  of  seawater  into  the  marine 
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Figure 7. Showing Sr/Ba versus V/Ni showing the depositional environment (adopted after Jia 
et al., 2013). 

 
 
 

 
 

Figure 8. Paleosanilty scatter plots of Sr/Ba and Rb indicating depositional environment of the study wells. 
 
 
 

sedimentary rocks have higher B and lower Ga contents 
than those derived from fresh water environments (Figure 
8). 

Therefore, for the ML 1 well samples indicating a 
continental fresh water environment. It is thus inferred that 
the Middle–Late Miocene ages in the ML 2 well were 
deposited in a fresh–brackish water environment, with the 
paleosalinity increasing from the DS well to the ML 2 well 
(Figure 7). This finding is also supported by the paly-
ecological community in this interval comprises 
moderately low occurrences of marine, savanna and 
coastal elements and moderately high occurrences of 
freshwater indicators. 

Change in Terrigenous clastic input  
 
Basically, Al, Zr and Ti are highly resistant accessory 
elements and less sensitive to weathering or diagenetic 
processes (Murphy et al., 2000; Calvert and Pedersen, 
2007; Ross and Bustin, 2009; Wei and Algeo, 2020). They 
are useful indicators of detrital influx (Zhang et al., 2021; 
Li et al., 2021; Song et al., 2021; Xin et al., 2021). Besides, 
Th/Al is a key indicator to reveal the intensity of terrigenous 
clastic input. The Ti, Zr and Al2O3 profiles for ML 1 Well 
show similar patterns, with a relatively stable trend that is 
associated with the chemical weathering intensity or water 
depth (Figures  5  and  9).  Detrital  proxies  of  the  samples  
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Figure 9. Plot of TiO2 and Zr for discriminating terrigenous input source rock. 
 
 
 

from ML 2 Well suggest that the terrigenous flux varies 
significantly from the ML1 well to the DS well and 
increases upward (Figure 9). 
 
 
Evolution of depositional environment and organic 
matter enrichment model 
 
V/Ni and Co×Mo are proposed as effective proxies to 
distinguish upwelling and hydrographic restricted 
settings (Sweere et al., 2016; Wu et al., 2022; Zhu et 
al., 2022). Generally, sediments in upwelling systems 
are characterised by Mn and Co depletion, while 
sediments in restricted basins show elevated Mo and Co 
values (Sweere et al., 2016). The principle of the Cd/Mo 
proxy lies in the different behaviours of V and Ni in 
seawater. V has a close link to primary productivity and 
displays a nutrient-like profile in t h e  water column, 
while Mo behaves conservatively (Zhu et al., 2022). 

Thus, low Co×Mo (<0.4) or low MoEF×CoEF (<0.5) are 
typical for coastal upwelling settings, while high Co×Mo 
(>0.4) and high CoEF×MoEF (>2) for restricted settings like 
the Black Sea (Zhu et al., 2022). The Co×Mo values of the 
DS well and ML 1 well samples cover a wide range (1.36–
7.00, avg. 0.000126), with the average lower than 0.4 
(Figure 10). According to the Co*Mn–V/Ni plot (Figure 10), 
the samples in this study were formed in open/upwelling 
water conditions, and their organic matter enrichment was 
mainly controlled by preservation conditions (Table 3). 
Climate during the deposition phase can influence the 
seawater environment (i.e., depth, salinity, stratification, 
and aquatic biomass), and the evolution of depositional 
environment controls the input, deposition and 
preservation of organic matters (Meng et al., 2012; Li et 

al., 2016; Shen et al., 2017; Li et al., 2019b; Li et al., 2021; 
Zhang et al., 2020; Xin et al., 2021; Hou et al., 2022). 
According to the geochemical analyses, the Miocene 
strata in the ML 2 well of the study area were deposited in 
a semi-arid to humid/warm climate and suboxic-anoxic 
fresh water environment with relatively large detrital input 
and stable water depth. During the deposition of the DS 
well and ML 1 well of the study wells, the ML 2 well mainly 
developed braided river deltas, beach bars and fan deltas 
(Zeng et al., 2019). Apparently, the DS well has a relatively 
low salinity compared to the ML 1 well, and considerable 
variations from fresh water to brackish in the ML 1 well 
(Figure 10). A closed water system existed during the 
deposition of the DS well, and the sea level rose during 
the deposition of the ML 2 well, making the seawater flow 
over the ML 2 well. The open/upwelling basin was more 
connected with the ocean and evolved into a semi-
open/upwelling basin. Brackish water may cause water 
stratification and produce a strongly anoxic environment 
with excellent preservation conditions. Therefore, it is 
believed that both primary productivity and preservation 
conditions played essential roles in controlling the 
enrichment of organic matter in the ML 2 well, and the 
latter resulted from the open/upwelling water setting 
(Figure 10). 
 
 
Change in Paleoredox  
 
In the case of certain elements, which are sensitive to 
redox changes in the marine environment and pore 
waters, they are used for reconstruction of redox 
conditions in young and ancient sedimentary basins 
associated  with  organic  material  deposits   and   sulphide 
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Figure 10. Scatter plot of V/Ni /Co/Mo. The position of the lines is roughly the boundaries amongst 
various settings (adopted from Sweere et al., 2016). 

 
 
 

Table 3. Comparative average weight percentage elemental ratios of the study wells. 
 

Well Depth V/Ni Co/Mo Th/Sr Zr/Sr Rb Sr/Ba 

DS 12300 2.7333 1.60E-07 0 0 19.21 2.28856 

DS 12630 – 4.11E-05 0 34.34091 21.24 0.72 

DS 12960 76.3636 1.80E-07 0 23.9601 25.07 1.0025 

DS 13290 2.2651 1.80E-07 0 0.08611 40.31 16.3636 

DS 13500 – 1.42E-04 0 27.8125 35.09 0.91624 

ML1 7840 0.6133 6.70E-07 0 0 25.2 1.09091 

ML1 8060 – 5.00E-05 0 0 25.23 1.34375 

ML1 8220 0.765 6.67E-06 0 0 26.08 2.6875 

ML1 8440 – 1.36E-03 0 19.2 40.23 1.51515 

ML1 8660 0.7017 1.80E-04 0 0 32.02 1.41667 

ML2 13240 – 1.14E-04 0 30.13245 22.1 0.70233 

ML2 13510 – 1.67E-04 0 25.5556 24.33 0.77436 

ML2 13720 23.72 4.17E-06 0 19.1667 27.05 2.90323 

ML2 14140 – 7.00E-05 0 29.3548 40.35 0.70588 

ML2 14530 – 1.89E-04 0.00645 21.6667 30.08 0.144 

Average wt % 15.86 0.000126 0.00645 19.98 28.09 1.54 
 
 
 

occurrences in oxygen-deficient media (Brumsack, 2006; 
Tribovillard et al., 2006). Several trace elements, such as 
Mo, Mn, Ni, V, U, Cr, and Co, have been used to evaluate 
paleoredox conditions (Hatch and Leventhal, 1992; Jones 
and Manning, 1994; Algeo and Maynard, 2004; Rimmer et 
al., 2004). Previous studies proposed different criteria for 
V/(V+Ni), according to Hatch and Leventhal (1992) and 
Wu et al. (2022), a high V/ (V+Ni) value (≥0.84) reflects 
water column stratification and indicate anoxic bottom 
water, and this value range from 0.54 to 0.72 reflects a 

dysoxic environment with weak stratification of the water 
column, while a low value (0.46–0.60) reflects an oxic 
environment (Table 4). Selegha et al. (2020) concluded 
that the V/Ni ratio indicates redox environment, the ratio 
indicates that the sandstone at depths of 12,300 to 14,140 
ft and 8,220 ft were deposited in oxygen oxygen-rich 
nearshore environment or shallow marine environment, 
which bear very high values indicating more marine 
environments. Lewan (1984) suggested that the V/Ni ratio 
in crude  oil,  which  is  not  altered  by  diagenesis,  reflects  
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Table 4. Shows elemental ratios and their critical values for particular environment. 
 

Elemental ratios Oxic Dysoxic Anoxic Euxinic Source Present study 

Ni/Co <5 5-7 >7 - Jones and Manning (1994) 4.3-4000 

V/Cr <2 2-4.5 >4.5 - Dill et al. (1988) 27.67-4000 

V/(V+Ni) <0.46 0.46-0.60 0.54- 0.82 >0.84 Hatch and Laventhal (1992) 0.38-1 
 
 
 

 
 

Figure 11. Paleoredox Conditions of the Carbonaceous Shale Cutting of the wells. 
 
 
 

environmental conditions during its deposition. He showed 
that the V/ (V+Ni) ratio for organics forming under euxinic 
conditions is greater than 0.50. According to Hatch and 
Leventhal (1992), V/ (V+Ni) ratios are greater than 0.84 for 
euxinic conditions, in the range of 0.54 – 0.82 for anoxic 
conditions and between 0.46 and 0.60 for dioxic 
conditions. Vanadium (V), which is incorporated into 

tetrapyrrole structure under anoxic conditions, may also be 
precipitated by adsorbing onto the surface of clay 
minerals, which most probably occurs after burial (Breit 
and Wanty, 1991). The V/V+Ni ratios of the DS, ML 1 and 
ML 2 well indicate anoxic and euxinic conditions during the 
deposition of the study section of the wells (Figure 11). 
Chromium (Cr) and cobalt (Co) concentrations enrichment  
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Figure 12. Plot of TiO2 and (Fe2O3+MgO) for delineating tectonic setting for sandstone from the study wells. 
 
 
 

in ditch cutting are believed to be of the detrital fraction and 
not affect by redox conditions (Ross and Bustin, 2006). 
Both Ni and Co are incorporated into the pyrite structure. 
High Ni/Co ratios are believed to be related to anoxic 
conditions (Jones and Manning, 1994). The Ni/Co ratios 
for the study section of the wells suggest anoxic 
conditions, tending towards euxinic conditions due to their 
extremely high values (Figure 11). 
 
 
Change in plate tectonic setting 
 
The knowledge of the plate tectonic setting of a basin is 
important for the exploration of petroleum and other 
resources, as well as for palaeogeography. The major 
elements geochemistry of the sandstones can be used for 
drawing inferences related to the provenance type and the 
plate tectonic setting of ancient sedimentary basins 
(Armstrong-Altrin et al., 2004; Bhatia, 1983; Roser and 
Korsch, 1986). Siliciclastic rocks from oceanic arc, 
continental arc, active and passive continental margins 
have variable composition, especially in their Fe2O3 + 
MgO, Al2O3/SiO2, K2O/Na2O, and Al2O3/(CaO + Na2O) 
ratios (Bhatia, 1983; Sarı and Koca, 2012; Madukwe et al., 
2015). Three plate tectonic settings: passive continental 
margin PM, active continental margin ACM, and oceanic 
island arc (ARC) are recognised on the K2O/Na2O versus 
SiO2, Al2O3/SiO2 versus K2O/Na2O discrimination plots of 

Roser and Korsch (1986) (Figures 12 and 13). The plots 
reveal that the sediments of ML 2 well were deposited in a 
passive tectonic margin setting. They may also be 
classified as mafic (Magnesium and Iron-rich) or felsic 
(Feldspar and Silicon-rich); the former consists mostly of 
oceanic crust, while the latter consists mostly of 
continental crust. Figure 12 a plot of TiO2 and 
(Fe2O3+MgO) for the sandstones from of DS, ML 1 and 
ML2 with depths 12,300-13,500ft; 7,840ft-8,660ft and 
13,240ft to 14530ft indicate that the Upper series (B) have 
high (Fe2O3+MgO) and TiO2, this might suggest 
introduction of weathering products from Oceanic Crust, 
however most of the Lower series (A) have low 
(Fe2O3+MgO) and TiO2 indicating contributions from 
Continental Crust. This may imply that during the 
deposition of the upper series (B), there could have been 
a tectonic event that led to the production of basaltic lava, 
which later weathered into heavy sandstone, which was 
deposited as the upper series. Von Rad et al. (1982) 
recorded extrusions from the volcanics around the area 
within the Cameroon basin; this could be the source of the 
heavy sands Selegha et al. (2020). Figure 13, which is a 
plot of TiO2 and (Fe2O3+MgO) for the formations 
transversed by the wellbore, also shows that most of the 
formation are consisted of high values of TiO2 and 
(Fe2O3+MgO) which indicated that they were sourced from 
basaltic rocks from Oceanic Crust (Mohriak et al., 2000; 
Nairn  and  Stahli,  1974;  Nemcok,  2016; V on  Rad et al.,  
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Figure 13. Discriminating tectonic settings diagram by major element compositions. 
 
 
 

 
 

Figure 14. major and trace elemental oxides diagram for tectonic settings. 
 
 
 

1982). The tectonic setting for the upper series (B) in 
Figure 12 is that of the Continental Island, and for the lower 
series (A) Passive Continental margin. The ratios of 
K2O/Na2O variation with SiO2 are plotted in a binary 
diagram (Roser and Korsch, 1986) to understand the 

tectonic setting of sandstones. It is found that all the 
samples are plotted in the active continental margin field 
(Figures 12 to 15). The same pattern is observed when the 
sandstone samples are plotted on the SiO2/Al2O3 versus 
Na2O + K2O diagram of Roser and Korsch (1986).
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Figure 15. Major and trace elemental oxides diagram for discriminating tectonic settings. 
 
 
 

Change in provenance and paleoclimate 
 
Clay minerals in sediments can be useful indicators of 
paleoclimatic conditions and provenance, particularly 
when the sedimentary basins are small (Von Eynatten and 
Gaupp, 1999). According to Churchman (2000), the two-
layer/three-layer clay mineral ratio is mainly controlled by 
climate. Warm and humid conditions are typical for 
kaolinite formation (Chamley, 1989; Hallam et al., 1991; 
Islam et al., 2002; Ghandour et al., 2003; Odoma et al., 
2013). The presence of kaolinite indicates a warm, humid 
tropical climate for the source area where the sediments 
were derived. It further indicates that the rocks were 
deposited in a marginal marine setting due to its hydraulic 
sorting (Ghandour et al., 2003). 

Al2O3/ K2O ratio has been used to suggest precipitation 
(rainfall) rates (Aplin, 1993). If Al2O3/ K2O ratio is less than 
1.00, then precipitation (rainfall) is low. Al2O3/K2O ratio 
higher than 1.00 suggests high precipitation (rainfall). The 
ratio for the study well varies from 14.59 to 62.53 (Average 
39.12) (Table 5). This indicates that the precipitation 
(rainfall) was high. 

The Al2O3/TiO2 ratio serves as a climate indicator for the 
provenance area (Maslov et al., 2003). If Al2O3/TiO2 ratio 
is less than 20, then the climate is humid, but if it is greater 
than 30, it is an arid climate (Table 5). The values of the 
Al2O3/TiO2 ratio from the study wells vary from 0.22 to 6.71 
(average 3.40). This suggests that the climate was humid. 

Provenance analysis reconstructs the source region, size 
and setting of the source region, climate and relief in the 
source region, the specific types of sedimentary rocks and 
the distance and transport direction travelled by the 
sediments (Pettijohn et al. 1987; Von Eynatten and Gaupp 
1999). 

In respect of paleoclimate, the Zr/Sr ratio, which 
represents the kaolinite/illite ratio, may give an insight, 
correlating it with the Al/bases ratio (Figure 16). In this 
study, the Zr/Sr ratio has a positive correlation with the 
Al/bases ratio (Figure 16). This implies that the formation 
of kaolinite increases with hydrolytic weathering, and 
kaolinite are formed in hot humid climates, while illites are 
formed in drier, cooler climates (Craigie, 2018; Ramkumar, 
2015). In the context of reservoir pore morphology, the 
preferential formation of kaolinite should indicate the 
occurrence of pore-filling minerals in the reservoir 
sandstones. This should imply that the sandstone 
formation of the DS well at 12,630 to 12,960 ft and also for 
ML 1 at depth 8,060 to 8,220 ft to depth 13,510 to 13,720 
ft of ML 2 well bear poor sweep/production efficiency. 
While the thin sandstone formation in the deeper series 
bears less kaolinite and less pore-filling minerals, 
corresponding to better production efficiency 
comparatively. Strong correlation between Chromium (Cr) 
and Nickel (Ni) and high concentrations of both elements 
have been used by several authors to determine sources 
of   the  sedimentary  rocks  (Hiscott,  1984;  Garver  et  al.,  
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Table 5. Elemental ratios of the analyzed samples from AAS analysis. 
 

Well Depth (ft) V/Ni Co/Mo Th/Sr Zr/Sr Rb Sr/Ba 

DS 12300 2.7333 1.60E-07 0 0 19.21 2.28856 

DS 12630 — 4.11E-05 0 34.34091 21.24 0.72 

DS 12960 76.3636 1.80E-07 0 23.9601 25.07 1.0025 

DS 13290 2.2651 1.80E-07 0 0.08611 40.31 16.3636 

DS 13500 — 1.42E-04 0 27.8125 35.09 0.91624 

ML 1 7840 0.6133 6.70E-07 0 0 25.2 1.09091 

ML 1 8060 — 5.00E-05 0 0 25.23 1.34375 

ML 1 8220 0.765 6.67E-06 0 0 26.08 2.6875 

ML 1 8440 — 1.36E-03 0 19.2 40.23 1.51515 

ML 1 8660 0.7017 1.80E-04 0 0 32.02 1.41667 

ML 2 13240 — 1.14E-04 0 30.13245 22.1 0.70233 

ML 2 13510 — 1.67E-04 0 25.5556 24.33 0.77436 

ML 2 13720 23.72 4.17E-06 0 19.1667 27.05 2.90323 

ML 2 14140 — 7.00E-05 0 29.3548 40.35 0.70588 

ML 2 14530 — 1.89E-04 0.00645 21.6667 30.08 0.144 
 
 
 

 
 

Figure 16. Showing plot of TiO2/Al2O3 vs. Zr/ Al2O3 diagram for the study wells. 
 
 
 

1994, 1996). High Cr and Ni concentrations in shales 
reflect their incorporation into clay particles during 
weathering of chromite and other Cr- and Ti-bearing 
minerals in the mafic/ultramafic rocks (Garver et al., 1996). 
Weak correlation between Cr and Ni indicates that the 
rocks containing these elements are of felsic composition 
(Garver et al., 1996). The Cr content of the rocks ranges 
from 200.00 to 4100.00 ppm (averaging 27.53 ppm) and 
the Ni content, from 0,001 to 3600 ppm (averaging 24.00 
ppm). The plot of Cr and Ni contents of the study section 
reveals lower enrichment of Ni with respect to Cr (Figure 
16). The Cr vs Ni plot shows a weak but positive 
correlation. These indicate that the sediments were 
derived from granitic or  felsic  terrain,  following  Garver et 

al. (1996). The study wells were therefore sourced from 
granitic/intermediate rocks, in a wet, humid climate. The 
most probable direction of granitic/intermediate 
provenance is from east of the basin due to its composition 
of the rocks and proximity of the study area (Figure 17).  
 
 
Change in paleoweathering 
 
The degree of compositional maturity of shales is 
estimated using the weathering index, as described by 
Kronberg and Nesbitt (1981). In the erosion index plot of 
(Na2O+K2O)/ (Al2O3+Na2O+K2O) vs (SiO2+Na2O+ 
K2O)/(SiO2+Al2O3+Na2O+K2O),  it   is  shown  that  the  rock  
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Figure 17. Showing Cr and Ni enrichment factors showing Cr enrichment relative to Ni the study well. 
 
 
 

 
 

Figure 18. Showing Plot of Weathering Index of the study wells showing degree of weathering of the source 
area of the rocks. 

 
 
 

samples from the ML 1 and ML 2 wells areas are plotted in 
the Kaolinite Field, while the rock samples from the DS well 
are plotted within the K-feldspar Field (Figure 18). The 
K2O/Al2O3 ratio of rocks can be used as an indicator of the 
original composition of ancient rocks. Cox et al. (1995) 
showed that K2O/Al2O3 ratios for clay minerals and 
feldspars differ. For clay minerals, the ratio is 0.00 to 1.00, 
and for feldspars, 0.30 to 0.90. The wells under study have 
K2O/Al2O3 ratios from 0.016 to 0.068 (averaging 0.03). 
These indicate the presence of clay minerals and feldspar 
within the lower limit of their ranges (Kaolinite and 
Orthoclase). This agrees with the erosion index plot as the 
ditch cutting samples are plotted within the Kaolinite and 
K-feldspar (Orthoclase) domains. Figure 18, a plot of TiO2 
and Zr for discriminating source rock lithology for the three 
wells 12,300-13,500 ft, 7,840-8,660 ft and 13,240 ft 

sandstones, indicate that the sandstones of the 7,840-
8,660 ft are sourced from intermediate rocks which are 
normally found on Continental Crust or Continental Arcs 
(Selegha et al., 2020) (Figure 18). Plot of TiO2 and Zr for 
the complete well sections shows that all the sediments 
that comprise the formations transverse by the wellbore 
are derived from intermediate rock, which potentially are 
sourced from Continental Crust (Craigie, 2018; 
Ramkumar, 2015). The SiO2 and Al2O3 have been used to 
understand the relationship between sandstone and clay 
in sediments. In this study, Figure 18, a binary plot of SiO2 
and Al2O3 shows a linear relationship for both SiO2 and 
Al2O3, for all the samples from the wellbore. However, the 
majority of the samples (A) occur between 30 to 60% of 
silica with relatively high values of Al2O3. This observation 
is indicative  of  sediments  that  are  derived  from  interme- 

 
 

 
 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

DS ML 1 ML 2

En
ri

ch
m

en
t 

Fa
ct

o
rs

Cr Ni

50403020100

25

20

15

10

5

0

SiO2

Al
2O

3

WELL DS 13290

ML 2 -13510

WELL DS 12960

ML 1-7840

ML2-13240

WELL DS 13500

ML- 8660

WELL DS 12300

ML 1-8440

ML 2-14530

ML 1-8220

ML 2-14140

ML 1 -8060

WELL DS 12630

ML2 - 13720



 

 

Ihunda et al.        157 
 
 
 

 
 

Figure 19. Showing Chemostratigraphic correlation for DS, ML 1 and ML 2 wells, with the plotted geochemical profiles for V/Ni, 
Mo/Sr, Hf/Ge, Cr/Zr and Sr/Cr. The transversal dotted lines plotted on each track shows the threshold values used to characterize 
each geochemical zone. 

 
 
 

diate rock, which are sourced mostly from Continental 
Arcs. Some samples (B) bear lower silica values and 
consequently, lower values of Al2O3; these represent mafic 
sources derived from Oceanic Crust (Craigie, 2018; 
Ramkumar, 2015). It is inferred that there was a change in 
sediment source during the deposition of the sedimentary 
sequence in ML 1 and ML 2 wells. Furthermore, from the 
discriminant function diagram, it is inferred that the 
sandstones in the DS well are from a felsic igneous source, 
while those of ML 1 well are from a mafic igneous source. 
Inference from the provenance studies depicts that during 
the deposition of the claystones, siltstones and 
sandstones in study wells, sediment supply changed from 
an intermediate igneous source to a felsic igneous source 
because all the claystones in the wells plotted in the region 
of an intermediate igneous source on the discriminant 
diagram and the claystones were deposited first followed 
by the siltstones and the sandstones. 
 
 
Chemostratigraphic correlation of the study wells 
 
A correlation for the three wells was achieved based on 
inorganic geochemistry; this correlation was independent 
of the geology and mineralogy (Figure 19). Therefore, there 
was a need to understand the likely mineralogical control 
on these geochemical key elements that were used for 
the correlation. By this, additional geological information 
was derived from the correlation that was based on 
inorganic geochemistry. Figure 19 shows an overview of 

the chemostratigraphic correlation, including the 
geochemical profile of selected ratios between the studied 
wells. The correlation scheme preparation starts by 
plotting all the elemental data in a profile. Binary and 
ternary diagrams of the elements and ratios that show 
variation along the depth profile help to evaluate the 
sample distribution and to preliminary asses the zonation 
strength of different geochemical proxies. Subsequently, 
follows the identification of the key elements and elemental 
ratios that distinguish between the MZ 1, MZ 2, MZ 3 and 
MZ 4 zones with a high level of zonation confidence. The 
proposed correlation scheme for the three wells is strong, 
with over 85% zonation confidence. All four geochemical 
zones are recognised in DS, ML 1 and ML 2 wells, pointing 
to a correlation scheme that is accurate for the study wells. 
The shading between the element and elemental ratios 
curves enhances the visualisation of the correlation log 
between the three offset wells. Changes in shading colour 
or area usually indicate a different zone (Figure 19). 
 
 
Conclusions 
 
The plot of the geochemical signatures of major oxides 
concentrations suggests that there are at least four 
chemostratigraphic boundaries in the DS, ML 1 and ML 2 
wells. The V/Ni ratio indicates redox environment. The 
ratio indicates that the sandstone series of DS at depth 
12,300 to 13,500 ft, ML 1 well at depth 7,840 to 8,660 ft 
and ML 2 at depth 13,240 to  14,530 ft  were  deposited  in  
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anoxic anoxic-rich nearshore environment to a shallow 
inner-middle marine environment. While sediments of 
8,440 ft to 8,660 ft, 12,630 ft to 13,290 ft and from 13,240ft 
to 13,720 ft bear very high values, indicating more marine 
environments. The Fe2O3+MgO parameter shows that the 
sandstones of ML 1 at depth 14,140 to 14,530 ft have very 
low Fe2O3+MgO values, implying their source to be from 
Continental Crust, while the lower series of DS at depth 
12,630 to 13,290 ft have very high values, indicating their 
source to be Oceanic Crust. The Al/bases ratio in DS well 
clearly discriminates between 12,800 to 13,000 ft 
sandstones, which have a low Al/bases ratio, implying 
pervasive weathering, which corresponds to a humid and 
wet climate. The TiO2–Zr binary diagram shows that the 
majority of the samples were derived from a source with 
lithology which corresponds to Continental Crust and 
Continental Arcs; the chemostratigraphic sand unit 
correlation deviates from the lithostratigraphic sand 
correlation to an extent that may impact gas production. 
The variation between chemo - and biostratigraphic 
correlation is potentially vitally important for building 
reservoir models in the wells of study. This inference was 
supported by V/Sc, Ni/V and V/(V+Ni) ratios, all pointing to 
extensive dysoxic–anoxic conditions. Conversely, the 
interpretation from paleoredox proxies, V, U/Th, Th/U, 
V/Cr, indicates dominance of oxic conditions, and this 
information contradicts the physical observations of most 
of the shaly strata, which lack bioturbations. 
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