\\HH“
0\‘ L)

INTERNATIONAL JOURNAL OF RESEARCH AND SCIENTIFIC INNOVATION (1JRSI)
ISSN No. 2321-2705 | DOI: 10.51244/1JRSI [Volume XI1 Issue VI June 2025

-
% RSIS ¥

Provenance of the Ebenebe Sandstone: Evidence from X-Ray
Fluorescence and Paleocurrent Studies

tUchechukwu Stephanie Ezeani., 20Onyinye, Lisa Eze., **Gordian Chuks Obi., *Ositadimma Igwebuike
Chiaghanam

134Chukwuemeka Odumegwu Ojukwu University, Anambra State
2Enugu State University of Technology, Enugu State
*Corresponding Author

DOI: https://doi.org/10.51244/1JRS1.2025.12060013

Received: 11 May 2025; Accepted: 23 May 2025; Published: 27 June 2025

ABSTRACT

The Ebenebe Sandstone is the sandy member of the Paleocene Imo Formation. The sand body in Anambra
State was subjected to x-ray fluorescence and paleocurrent analyses to establish the nature of the source rock,
the paleoclimatic conditions of the source terrain, and the depositional environment. The research is to provide
an insight into the Paleocene-Oligocene tectonic history and paleogeography of the Niger delta basin and the
implications for the exploration and exploitation of sand and hydrocarbon resources in the region. Ten fresh
and representative samples of the Ebenebe Sandstone were collected from Ugwuoba, Ifite-Awka, Isiagu and
Ufuma outcrops respectively. The samples were subjected to X-ray Fluorescence analysis to determine the
percentage concentrations of SiOz, TiOz, Al.Os, Fe203, MgO, Na.O, CaO, and K,O. At each location twenty
sets of measurements of dips and azimuths of foreset planes of planar cross-beds were also taken for
paleocurrent analysis. X-ray fluorescence studies revealed that the Ebenebe Sandstone is a silica-cemented
quartz arenite composed of about 90.5% silica, with deleterious amounts of the oxides of aluminum, iron and
titanium. Paleocurrent analysis revealed that the clastics were sourced from a pre-existing sedimentary terrain
that lies to the east of the present study area. Chemical parameters further indicates that the terrain lies within a
passive margin that experienced intense chemical weathering. It can therefore be concluded that the Ebenebe
Sandstone was recycled from a pre-existing sedimentary terrain located to the east of the present study area
that most probably became emergent as a result of the asymmetrical subsidence of the post-Santonian
Anambra basin. These results thus provide new insight into the tectonic history of the Anambra-Niger delta
basin complex.

Keywords: Ebenebe Sandstone, X-ray fluorescence, chemical indices, quartz arenite, asymmetrical
subsidence, Niger Delta.

INTRODUCTION

The Ebenebe Sandstone is the sandy component of the Paleocene Imo Formation of the Niger Delta (Table
1.1). It is a prominent sandstone deposits in Anambra State that holds great potentials as a source of
commercial silica sand (Ezeani, 2025)*.

Earlier studies have shown that the Ebenebe Sandstone which occurs as a slightly north-south-oriented sand
ridge, is encased by the marine shale components of the Imo Formation (Nwajide, 20132, Odunze and Obi,
2014%; Fig. 1.1). Studies have also shown that the sand is texturally mature, coarse to fine-grained, and
transported from its source by an east-west directed fluvial current (Ezeani, 2025)%, and deposited in a tide-
dominated shelf environment (Ekwenye et al.,2014* Ohwona and Okoro, 2022°). Paleocurrent analysis by Obi
et al, (2001)°, Ekwenye et al. (2014) 4, Odunze and Obi (2014)2 has revealed that the sand ridge was shaped by
a NW-SE oriented longshore currents.
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Apart from these studies, not much is known about the relationship between the post-Maastrichtian tectonic
history of the Anambra Basin and provenance of the sandstones in the Anambra-Niger delta basin complex.

The present study aims to interpret the provenance of the Ebenebe Sandstone using x-ray fluorescence method.
This method, though less frequently used for the study of sandstone composition, is ideal for the determination
of major and minor provenance-sensitive elements such as silicon (Si), aluminium (Al), magnesium (Mg),
calcium (Ca), iron (Fe), potassium (K), sodium (Na), titanium (Ti), sulphur (S) and phosphorus (P) (Fairchild,
1988)7. The result is expected to provide insight into the Paleocene-Oligocene tectonic history and
paleogeography of the Niger delta basin. This will have far reaching implications for the exploration and
exploitation of solid minerals and hydrocarbon resources in the region.

Geological Setting

The tectonic history of southeastern Nigeria has been discussed by several workers (e.g. Reyment, 1965%;
Burke, 1996°, Murat, 1972% and Benkhelil, 1989'). More recent efforts have analyzed the relationship
between the pre-Santonian geologic history of the Abakaliki-Benue Trough and tectono-sedimentologic
evolution of the post-Santonian Anambra Basin. Prominent among these are the works of Hoque and Nwajide
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(1985)*2, Ojoh, (1992)*3, and Obi, et al., (2001)®. These works have shown that the stratigraphic evolution of
the Anambra Basin during the Campanian-Maastrichtian period was controlled by episodic asymmetrical
subsidence of the Anambra platform, along the landward extension of the Atlantic Chain fracture associated
with the initial opening of the Benue Trough. The subsidence was in response to sediment load and post-Benue
rift thermal contraction of the lithosphere (Popoff, 1990)4, and Binks and Fairhead, 1992)°.

The Paleogene stratigraphy of south-eastern Nigeria is composed of a general progradational succession that
begins with the fluvio-deltaic sandstone, mudstone and thin limestone bands of the Nsukka Formation (Late
Maastrichtian-Paleocene; Obi, 2000®; Oboh-Ikuenobe et al., 2005'"). The Nsukka Formation is succeeded by
the Imo Formation (Paleocene) consisting of blue-grey clays, shallow marine shale, limestone and calcareous
sandstone (Reyment, 1965)8. Figure 1.1 shows that in the present study area the mud rock component of the
Imo Formation encased the sandstone component called the Ebenebe Sandstone (Oboh-lkuenobe et al., 2005*7;
Odunze-Akasiugwu and Obi, 2019'®). According to Nwajide (2013)2, marine regression during the Eocene led
to the accumulation of Ameki Formation and the Nanka Sand.

METHOD OF STUDY
X-ray Fluorescence Study

Ten (10) fresh and representative samples of the Ebenebe Sandstone were collected from Ugwuoba, Ifite-
Awka, Isiagu and Ufuma outcrops respectively (Fig. 1.1) and subjected to X-ray Fluorescence analysis to
determine the percentage concentrations of SiO2, TiO2, AlO3z, Fe;O3, MgO, Na;O, Ca0O, and K>O. The
samples were first crushed to reduce the grains to less than 63 microns using the Tema vibrating mill. About
5.0g of dry rock sample powder was weighed in a silica crucible, and ignited in the furnace at 1000°c for 2 to 3
hours for the calcinations of impurities in the rock powder. The samples were then allowed to cool to room
temperature in desiccators, and then weighed again to determine the weight of calcinated impurities such as
H,0, H,O*and CO..

One gram (1.0g) of the rock powder was mixed with X-ray Flux-Type 66:34% (66.0%), Lithium Tetraborate:
34% Lithium metaborate) to lower the vitrification temperature of the rock powder. The weighed mixture was
ignited in the pre-set furnace (Eggon 2 Automatic fuse bead maker) at 1500° for 10 minutes to form glass
bead. Each glass bead was labelled and slotted into the computerized XRF (Epilson 5 Panalytical model) for
major elemental analysis.

Paleocurrent Analysis

A total of eighty-two (82) sets of measurements of dips and azimuths of foreset planes of planar cross-beds
were measured and subjected to paleocurrent analysis. Twenty (20) sets each were taken from Ugwuoba, Ifite
Awka and Isiagu, and twenty-two (22) from Enuguabor-Ufuma (Fig. 1.1). To determine the paleocurrent
parameters the azimuth data for each location were first grouped and then plotted as Rose diagrams.

The statistical method described by Steinmetz (1962)*° was followed to compute the paleocurrent parameters
including the mean vector azimuth R, variance S? and the vector strength S. The computational procedure is
illustrated in Table 2.1. Strict attention was paid to the sign of natural trigonometric functions.

Table 2.1. Computational procedure for paleocurrent analysis (After Steinmetz, 1962)% 4, stands for individual measurements, D = dip of
the cross bed; Sin A and Cos A stand for the sines and cosines of individual azimuths readings; Sin D stands for the sine of the dip angle, R
is the mean vector azimuth and » stands for the total number of readings

Ugwuoba | 1 2 3 4 3 ] 7 8 a
Azimuth (A) |Dip (D) |SinA CosA CosD 3*4 (b) 5*3 (a) SinD () |(AfR)?
1 304 22 -0.8290 +0.5502 +0.9272 +).5184 -0.7686 0.3748 104.04
2 360 20 0.0 +1.0000 +0.9397 +).9397 0 0.3420 2007.64
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The validity of columns 6 through 8 was kept in check as suggested by Steinmetz (1962), by means of the
identity:

b2+ a?+c? =1.000 #0.003 (1)

The mean vector azimuth, (R), variance (S?) and the vector strength (the clustering of the directions about the
mean vector azimuth) were determined quantitatively using the following relations given by Steinmetz
(1962)°, Marsal (1987)%, and Collinson and Thompson, (1989)%!:

ArctanR= (2a)/(2Db) (2)
§* =X (A-R)
n-1 (3)
S = (ZsinA) ? + (ZcosA) 2 (4)
N

Where A; stands for individual measurements, D = dip of the cross bed; Sin A and Cos A stand for the sines
and cosines of individual azimuths readings; Sin D stands for the sine of the dip angle, R is the mean vector
azimuth and n stands for the total number of readings.

RESULTS AND INTERPRETATION

Composition: The result of the analysis including the percentages of the raw oxides, and chemical indices of
alteration (as defined by Nesbit et al., 199622), and the ratios of the oxides are shown in Table 3.1. The result
reveals that quartz (SiO2) has the highest concentration that ranges from about 89% to approximately 92%,
with an average of 90.57%. Next in abundance is Alumina Al;O3, (4.15%-6.74%), followed by Iron oxide,
Fe203 (2.44%-3.80%).

Table 3.1.: Result of X-Ray Fluorescence Analysis showing the chemical composition, indices of alteration, and ratios of oxides.

CHEMICAL COMPOSITION Ugwuoba Tfite-Awka Tsiagu Ufuma AVERAGE
Oxcides % 1 2 3 4 3 6 7 8 9 10
Si0, 90.63 9034 | 8893 | 8939 | 9129 | 9249 | 9129 | 9179 | 8929 | 9029 9057
TiO, 033 025 024 023 015 | 032 | 023 0.18 024 020 024
ALO, 652 6.74 656 510 490 | 415 | 430 430 50 52 530
Fe,0s 244 259 330 345 335 | 262 | 310 322 370 380 321
MzO 001 0.01 0.10 010 005 | 004 | o001 0.01 012 015 0.06
K,0 0.01 0.01 0.01 0.01 001 | 001 | o001 0.01 0.01 0.01 0.01
Na,0 001 0.01 0.01 001 001 | 001 | 001 0.01 0.01 0.01 0.01
Ca0 0.05 0.05 0.65 171 025 | 036 | 076 049 1.64 034 0.63
CHEMICAL INDICES OF ALTERATION 1 2 3 4 5 6 7 B 9 10 | AVERAGE
PIA = ALO, K;0)/( ALO, + CaO® + Na,0- K;0)] * 100. 95.086 9882 | 9059 | 7452 | 9458 | 9139 | B85.04 | 8920 | 8832 | 9334 9049
CIA=100*AL0,/(AL0,~Ca0+K,0+N2,0)] 98.94 9897 | 9073 | 7467 | 9478 | 9L6l | 8552 | 8940 | 7507 | 9352 8932
[MIA=2%(CIA-50)] 97.88 9794 | 8146 | 4934 | 8944 | 8322 | 7104 | 7880 | 5014 | 87.04 7863
[RATIOS OF OXIDES 1 2 3 4 5 6 7 8 9 10__| AVERAGE
TiO,/ALLO; 01375 0099  |0.09375 00958 [0.0633 01488 [0.092 0.0l 0.096 00909 [0.093
Fe,05/ALO; 031 0.60 0353 1.02 057 071|058 0.53 0.68 082|054
MzO/ALO, 0.004 0004|0040 0042 |02l 0018 [0.004  |0.004  |0.048 0068 |0.044
Na,0/ALO, 0.020 0833 [0.031 0025 [0013  [0.005 [0.004  [0.004  [0.004 0005 [0.094
K,0/AL,0; 0354 0095|0254 0086  |0527  |0470 0224|0413 |0.404 0227|0305
(Fe,0:K;0) 0870 6250  |2.154  [11.666 |1.080  |1505 |2590  |1.284  |1.683 3600 [3.268
K,0/N2,0 17.000 1143|8125 [3.500  |41666  |101.00 |56.000 [35000 [101.000 _ |50.000 |47.443
((Fe,05-Mg0)/(N2,0K;0)) 08333 3355|2055 [9444  [1094  [1529 |2361 1281  |L7s4 3823|2776
Na,0/K,0 0.006 0875|0123 0286  [0024  [0.009 [0.018 o011  |0.009 002 [0138
Na,0 + K0 09 0.45 0.73 027 128 102|057 0.96 102 051|077l
Si0,/AL,0, 39471 57214 [36301 [38912 (39494 [43530 37316 [40778 [36916  [42545 [39.247
ALO,Ti0, 7272 1008 |10667 (10435 |58 6719 10869 |1000 10417 1100 |10326
ALO; + K,0+ Nay0 53 297 529|267 5.65 517 [3.07 5.26 352 271 [3.161
Ca0 +Na,0 0.92 0.80 043 0.49 0.28 037|077 0.50 165 055 |0.681
[ALO/ (Ca0 +Na;0) 2609 315 5333|4898 8464  [5811 [3.247 |46 1515 4 4363
MzO + Fe,05 075 151 150 255 140 156 |146 123 182 195 [1573

The ratio of silica to alumina (SiO2/Al>03) varies from about 36% to 43.5%, with an average of 39.2% (Table
3.1). The Table also shows that the average ratio of SiO2 to Al.Os is high in all samples implying that there is
minimal clay or detrital Aluminum Silicate within the Ebenebe Sandstones in the study area. It is also evident
that the percentage of total alkali-earth oxides is low, thus suggesting that the Ebenebe Sandstone is
dominantly cemented by silica.
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Classification: Pettijohn (1963)* and Pettijohn et al., (1972)* classified sandstones based on their chemical
composition. The classification scheme used the log of the ratio of SiO. to Al,O3 to differentiate mature
sandstones high in SiO2/Al,Os ratios, and immature sandstones high in Na>O/K>O ratios (Table 3.2). Four
classes are recognized by Pettijohn et al., (1972)?* namely (i) Arenites with log of SiO, to AlOs ratio greater
than 1.5, (ii) greywackes with log of SiO, to Al>Os ratio greater than 1.0 and log of K2O/NaO less than zero;
(iii) arkose, with log of SiO2 to Al>Os ratio greater than 1.5 and log of K2O/Na2O greater than zero and log
(Fe203+MgO)/(Na20+K>0), and (iv) lithic arenite with log of SiO» to Al.Os ratio greater than 1.5, and either
log K2O/Na20 less than 0 or log (Fe203+MgO)/Na.O greater than 0 (Table 3.2).

The log of the silica: alumina ratios computed for the Ebenebe Sandstone (Table 3.3) ranges from 1.56 to 1.64,
with an average value of 1.59, but the Na2O/k>O ratio is consistently zero. Based on the computed log ratios of
the chemical oxides (Table 3.3) and on the classification scheme of Pettijohn et al., (1972?%; Table 3.2), the
Ebenebe Sandstone is classified as silica-cemented quartz arenite.

aaaaaaaaaaaaaaaa

SN | Log of ratios of oxides Types of sandstone
1 Log (5104/A1,05) =13 Arentte

2 Log (5104/A1,05) = 1 and Log (K,0/Na,0)= 0 Greywacke

3 Log (510,/A1,0;) > 1.5 and Log (K;0/Na,0) >0 and log (Fe,0; +Mg0)/ (Na,0 + K;0) Arkose

4 Log (5104/A1,05) = 1.5 and either Log (K,0/N2,0)< 0 and log (Fe,0; +Mg0Q)/ (Na,0=0 Lithic arenite

Table 3.3. Computed logs of the ratios of oxides for the ten samples

Sample | Log (8i0/ALOy) | Log (MgO +Fe,0s) | Log (Fe,04/K;0) | Log (Fe,05+Mg0)/(Na;0+K,0)) | Log (K;0/Na,0) | Log ((Fey05 + Mz0)/Ne;0)
1 1.60 0.39 2387389 2.09 0.0 2.389166
2 1.57 0.41497 241329 2.11394 0.0 241497
3 1.56 0.591064 2.579783 2.290034 0.0 2.414973
4 1.59 0.550228 2.537819 2.249798 0.0 2.550228
5 1.64 0.531478 2.525044 2.230448 0.0 2.531478
6 1.64 0.42488 2418301 2.123851 0.0 2424881
7 1.57 0.492760 2.491361 2.131939 0.0 2.492760
8 1.61 0.509202 2.507855 2.208172 0.0 2.509202
9 1.57 0.582063 2.568201 2.281033 0.0 2.582063
10 1.63 0.596597 2.579783 2.582063 0.0 2.596970

Average 1.59 0.51 2.579783 2.20 0.0 2.50

Herron (1988)%° used the plot of log (SiO,/ALO,) against log (Fe,0./K,0O) to classify sandstones and shales.
To confirm the above interpretation we employed the Herron’s (1988)%° plot. The plot of log (SiO,/ALQ,)
against log (Fe,0./K,0O) for the Ebenebe Sandstone (Fig. 3.1) confirmed the quartz arenite interpretation.
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Fig.:3.1. Chemical classification of the Ebenebe Sandstone using binary plot of log (810./A1,0.) against log (Fe,0./K,O) (Herron, 1988) 5.

Nature of the parent rock:

Roser and Korsch (1988)%° have demonstrated that the nature of the parent rock of sandstones can be
interpreted using discriminant functions based on a plot of the log of the ratio Fe.O3/K>O against log
SiO2/Al>03 . The functions are defined as follows:

Discriminant function-1 (DF-1) =
[-1.773TiO; +0.607Al,03 +0.76Fe203]-[1.5MgO +0.616Ca0 +0.509 Naz0-1.224 K0 -9.09]
Discriminant function-2 (DF-2) =
[0.445TiO2 +0.07ALOs -0.25Fe,03]-[1.42MgO +0.438Ca0 +1.475Na,0+1.426 K20 -6.861].

The method distinguishes sediment source into four provenance zones: (i) Quartzose sedimentary terrain, (ii)
Intermediate igneous terrain, (iii) Felsic igneous rock terrain, and (iv) Mafic igneous terrain.

The nature of the parent rock for the Ebenebe Sandstone was interpreted using the discriminant functions as
proposed by Roser and Korsch (1988)%°. The mathematical computation of the functions is summarized in
Table 3.4.

Table 3 4.: Discriminant analyses {DF1 and DF2) for the Eenebe Sandstone using the raw oxides

DF1 -1.773T10, +0.807ALO; =+ 0.76Fe;0: -1.5MgO + 0.616Ca0 +0.509Na,0 —-1.224K,0 -0.09 TOTAL DF-1
1 -0.585009 +3.95764 + 1.8544 -0.015 0.0308 + 0.00509 -0.0122 -0.09 -3.46498
2 -0.44325 + 4. 09118 =+ 19684 -0.015 + 0.0308 + 0.00509 -0.0122 - 9.09 -4 67278
3 -0.42552 + 308192 = 2 BEE - 0.15 + 0.4004 +10.00508 -0.0122 - 9.09 -3.61011
4 -0.40779 + 3.0057 +2.622 -0.15 + 1.05336 + 000509 -0.0122 - 9.09 - 4.00164
5 -0.26595 +2.9743 +2.546 - 0.075 +0.154 + 0.00509 -0.0122 -0.09 - 497136
[ -0.56736 +2.51905 +199012 -0.06 +0.22176 + 0.00509 -0.0122 -9.09 - 554406
7 -0.40779 +2.7315 =+ 2336 -0.015 + 046816 + 0.00509 -0.0122 -9.09 -5.17204
g -0.31914 +2.6101 = 24472 -0.015 +0.30184 + 0.00509 -0.0122 -0.09 - 527991
9 -0.42552 +3.035 + 2812 -0.18 +1.01024 + 0.00509 -0.0122 -0.09 -4.05319
10 - 03546 +3.1564 + 2 BBE -0.225 + 020944 + 0.00509 -0.0122 -9.09 -4.63067
DF2 0.445Ti0, + 0.07Al,0, - 0.25Fe,0, —1.42Mg0 +0.438Ca0 +1.475Ma,0 | +1.426K.0 —6.861. TOTAL DF-2
1 0.14685 0.4564 -0.61 -0.0142 +0.0219 =0.01475 +0.01426 —6.861. -6.83104
2 0.11125 0.4718 -0.6475 -0.0142 +0.0219 =+0.01475 +0.01426 —6.861. -6.88874
3 0.1068 0.4592 -0.95 -0.142 +0.2847 =+0.01475 +0.01426 —6.861. -7.07320
4 0.10235 0.357 -0.8625 -0.142 +0.74898 +0.01475 +0.01426 —6.861. -6.40982
5 0.006675 0343 -0.8375 -0.071 +0.1085 001475 +0.01426 —-6.861. -7.281315
] 0.1424 0.2005 -0.655 -0.0568 +0.15768 =+0.01475 +0.01426 —6.861. -6.95321
7 0.10235 0315 -0.775 -0.0142 +0.33288 +0.01475 +0.01426 —6.861. -6.87098
8 0.0801 0.301 -0.805 -0.0142 +0.21462 +0.01475 +0.01426 —6.861. -7.05547
9 0.1068 0.350 -0.925 -0.1704 +0.71832 001475 +0.01426 —-6.861. -6.75227
10 0.089 0.364 -0.25 -0.213 +0.14802 =0.01475 +0.01426 —6.861. -7.39307
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Plots of the log of the ratio Fe>O3/K20 against log SiO2/Al>03 (discriminant functions -1 against discriminant
functions -2) using the raw oxides (Fig. 3.2) show that all the samples of the Ebenebe Sandstone analysed in
this study plotted within the quartzose sedimentary provenance thus suggesting that the Ebenebe Sandstone
clastics were generated from a pre-existing sedimentary terrain
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Paleotectonics of the Source Terrain: The use of geochemical parameters in provenance studies has largely
focused on interpretation of tectonic setting. Crook (1974)?” demonstrated that the ratio of SiO2 and K,O/Na2O
in sandstone can be employed in provenance studies to distinguish the tectonic setting of sandstones. Crook
(1974)?" used the plot of the log of K,O/Na;O against SiO, to discriminate oceanic island arc, active
continental, and passive margins. This techniques was used in this study to interpret the tectonic setting of the
region from where the Ebenebe Sandstone clastics were generated. Figure 3.3 shows that the samples plotted
essentially within the passive margin.
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Fig. 3.3. A Binary plot of log (K, OvNa,0) against 30, (After Crook (1974) % discriminating the tectonic setting for the Ebenebe Sandstone.

Source Rock Weathering: Nesbitt et al. (1996)?> have shown that the chemical composition of clastic
sedimentary rocks depends largely on the degree of weathering in the source region. To interpret the degree of
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weathering in the Ebenebe Sandstone source region, the Chemical Index of Alteration (CIA) was calculated
using the relation: [CIA=100*Al,0s/(Al.03+Ca0+K,0+Na,0)] as suggested by Nesbitt and Young (1982)%,
The procedure measures the ratio of secondary aluminous minerals to feldspar, hence forms the basis for
understanding the weathering intensity on source rocks (Elzien et al., 2014%°%; Mgbenu, 2018%; Echefu,
2019%Y). Values of CIA below 50 indicate weak weathering or an un-weathered upper crust while values above
76 suggest intense weathering and/or a total removal of alkali and alkali-earth elements with an enrichment of
alumina (Fedo et al., 1995%; Dupuis et al., 2006°3).

The result (Table 3.1) shows that the Ebenebe Sandstone has an average chemical index of alteration of
89.32%. This high value indicates that the source region experienced intense chemical weathering.

Two other indices were also applied to gain more insight into the degree of weathering in the source region.
These include the Mineralogical Index of Alteration (MIA) and the Plagioclase Index of Alteration (Harnois,
1988)**. The two indices are defined as follows:

Q) Mineralogical Index of Alteration [MIA = 2*(CIA-50)]
(i) Plagioclase Index of Alteration = [(Al203-K20)/( Al,03 + CaO* + Na,0O- K>0)] x 100 (where
CaO represents the calcium oxide within the silicate fraction).

MIA values 0%-20% indicate incipient weathering, 20-40% indicate weak weathering, 40-60% indicate
moderate weathering, while 60-100% indicate intense to extreme degree of weathering (Harnois, 1988)%*. The
results (Table 3.1) show that MIA values range from 74.67% to 98.94%, giving an average of 78.63%. This
confirms that the source region for the Ebenebe Sandstone experienced intense chemical weathering. This
interpretation is consistent with the results obtained for the Plagioclase Index of Alteration (PIA). The
Plagioclase Index of Alteration (P1A) values obtained in this study (Table 3.1) range from 49.34% to 97.94%,
with an average of 90.49%. This further confirms that chemical weathering in the source region was intense.

Results and Interpretation of Paleocurrent Analysis

The grouped paleocurrent data for the Ebenebe Sandstone is presented in Table 3.5, while the Rose diagrams
are shown in Figures 3.4 and 3.5. The computational procedure for the analysis of the paleocurrent data from
Ugwuoba, Ifite Awka, Isiagu and Enuguabor-Ufuma are displayed in Tables 3.6 -3.9, while the derivation of
the paleocurrent parameters is summarized in Table 3.10.

Table 3.5. Grouped paleocurrent data for the Ebenebe Sandstone in the study area

Locality | 31-60° | 61-90° | 91-120% | 121-150° | 151-1807 | 181-210° | 211-2400 | 241-270% | 271-300° | 301-3300 | 331-360° |  Total
Readings
Ugwuoba  |== = 2 6 5 4 3 20
Ifte Awka |3 1 3 11 2 20
[siagu 5 8 2 3 2 0
Ufuma 6 | 5 2 3 3 2 22

The following deductions are made from the rose diagrams. and from the computed parameters:

e The Ebenebe Sandstone is characterized by bimodal, often locally radial palaeocurrent pattern that includes
south/southwesterly, and northwesterly modes with variance that ranges between 1,800 and 4,600, and a
generally high dispersion (vector strength = 0.15 to 0.8) of flow directions about the mean vector azimuths.
The mean vector azimuth is consistently westerly to northwesterly (186°-314°).
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Ifite Awka

Fig. 3.4. Paleocurrent azimuthal patterns for the Ebenebe Sandstone at (2) Ugwuoba showing a bimodal pattern
thatis directed NW-SE and (b) at Ifite Awka showing a bimodal pattern with a dominant made that is directed southwest

N
T (b)

Fig. 3.5_ Paleocurrent azimuthal patterns for the Ebencbe Sandstone at (a) Isiagu and (b) at Ifite Awka showing a bimaodal-
perpendicular pattern in which the mean vector azimuth is directed south-westward.

At Ugwuoba the Ebenebe Sandstone exhibits a bimodal, paleocurrent azimuth pattern (Fig.3.4) that is directed
NW-SE The mean vector azimuth is 314.22 °. Variance values is 14718, while the vector strength is 0.15
(Table 3.6) indicating a high dispersion of flow directions about the mean vector azimuth.

Table 3.6. Computational procedure for paleocurrent analysis at Ugwuoba

1 2 3 4 3 6 7 8 9
Dewnoba Azimuth  (A) |Dip (D) |SinA Cos A CozD 5*4 (b) 5*3 (a) SinD (c) (A314.2)2
1 304 22 -0.8290 +0.5592 +0.9272 +0.5184 -0.7686 0.3746 104 .04
2 360 20 0.0 +1.0000 +0.9397 +(0.9397 0 0.3420 2097 .64
3 340 24 -0.3420 +0.9307 +0.0135 +0.8584 -0.3124 0.4067 665.64
4 330 19 -0.5000 +0.8660 +0.0455 +0.8188 -0.4727 0.3255 249.64
5 308 20 -0.7880 +0.6157 +0.9397 +0.5786 -0.7405 0.3420 38.44
[ 340 23 -0.3420 +0.9397 +0.9205 +0.8650 -0.3148 0.3907 665.64
7 280 22 -0.9848 +0.1736 +0.9272 +0.1609 -0.9131 0.3746 1169.64
8 290 18 -0.9397 +0.3420 +0.9510 +0.3252 -0.8938 0.3020 585.64
9 300 21 -0.8660 +0_5000 +0.9336 +0. 4668 -0.8085 0.3583 201.64
10 280 20 -0.9848 +0.1736 +0.0307 +0.1631 -0.9254 0.3420 1169.64
11 301 11 -0.8572 +0.5150 +0.0816 +0.5055 -0.8414 0.1908 174.24
12 300 14 -0.8660 +0_5000 +~0.9703 +0.4851 -0.8402 0.2419 201.64
13 120 10 +0_8660 - 0.5000 +0.0848 -0.4924 +.8528 0.1736 37713 64
14 1290 13 +0.7771 -0.6203 +0.0744 -0.6132 +0.7572 0.2249 34200.04
15 145 18 +0.7071 -0.8191 +0. 9510 -0.7789 +0.6724 0.3020 28628.64
16 135 11 +0.7071 -0.7071 +~0.9816 -0.6941 +0.6941 0.1908 32112.64
17 127 22 +0.7086 -0.6018 +0.0272 -0.5580 +0.7404 0.3746 35043.84
18 119 17 +0.87486 -0.4848 +0.9563 -0.4636 +0.8363 0.2024 38103.04
19 128 16 +0.7880 -0.6157 +0.9612 -0.5918 +0.7574 0.2758 34670.44
20 136 19 +0.6947 -0.7193 +0.9455 -0.6801 +(.6568 0.3255 31755.24
TOTALS -2.0863 2.0474 1.8134 -1.8638 6.1645 27965000
(TOTALS)? 43526 4.1918 3 2884 34737 38.001
Mean vector azimuth (dre tan R =(Za) / (Ib): R=tan"! (-1.8638/1 8134). = -45.78°+360°=314 21°
Variance Variance $1=% (A;R)*/ n-1 : S$2=279650.00/19 = 14718
Vector strength  S= V (EsinA P+ (cosA)2 /n S= V(4.3526+4.1918) 20 = 0.146
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Table 3.7. Computational procedure for paleocurrent analysis at Ifite Awka

IFITE AWKA 1 2 3 4 5 6 7 g 0

Sample Azimuth (A) |Dip (D)  |Sine A CosA CosD 5=4 (b) 5*3 (a) SinD (c) |(ArA)?

1 45 22 +0.7071 07071 |0.8272 +0.6556 +0.6556 0.3746 20061.8896

2 50 10 +0.7660 ~0.6428 | 0.0848 +0.6330 +0.7543 0.1736 18670.4806

3 35 17 +05736 08192 |0.9563 +0.7834 +0.5485 0.2024 22004 6896

4 195 25 02588 -0.0650 | 0.9063 -0.8754 -0.2345 0.4226 60.8806

5 185 10 0.0872 00062 |0.9455 00410 -0.0824 03255 2.6806

[5 100 22 0.1736 00848 |0.0272 0.0131 ~0.1600 0.3746 11.2806

7 100 17 0.1736 0.0848 | 0.9563 00417 ~0.1660 0.2024 11.2806

8 200 18 03420 -0.0397 _ |0.9510 ~0.8936 0.3252 0.3090 178.4896

[} 108 16 -0.3000 -0.0511 0.9612 -0.9141 -0.2070 02756 120.0496

10 200 22 -0.3420 -0.0307 _ |0.9272 0.8713 -0.3171 0.3746 175.4896

11 180 11 0.0000 -1.000 0.0816 00816 0.0000 0.100% 44.0896

12 185 14 ~0.0872 00062 | 0.9703 ~0.0666 -0.0846 02410 2.6806

13 190 22 0.1736 -0.0848  |0.0272 -0.9131 -0.1609 0.3746 11.2806

14 205 18 -0.4226 -0.9063 0.9510 -0.8610 -0.4019 0.3090 337.0896

15 165 21 +0.2588 -0.0659 | 0.9336 00017 +0.2416 0.3583 468.2896

16 180 10 0.0000 -1.0000 | 0.9848 ~0.0848 0.0000 0.1736 44.0896

17 181 11 0.0174 0.0008 | 0.0816 ~0.0081 0.0171 0.1008 31.8006

18 135 16 +0.7071 -0.7071 0.0612 ~0.6706 +0.6796 02756 2666.6806

19 202 11 0.0272 +0.3746 | 0.9816 03677 -0.0101 0.1908 11100.7296

20 280 20 -0.0397 +0.3420 | 0.9307 03214 -0.8830 0.3420 10683.2896
T -1.2413 -11.4366 00774 -1.1611 5.8623 87,608.3120
31 257 1.5408 130.7058 005485 1.3481

Mean vector azimuth (Arc fan R =(%a) / (38)- R=tam! (-1.1611/0.0774)=6.64°+180°=186 64°

Variance _Variance 52 =X (A-R)?/ n-1 52-87698.312/10=4615 70

Vector strength  $= V (ZsinA )Y+ (cosA) /n S5=v(1.5408) + (130.7939)/20 =0.57

Table 3.8. Computational procedure for paleocurrent analysis at Isiagu

ISIAGU 1 2 3 4 5 ] 7 g 2
Sample Azimuth (A) |Dip (D) Sine A Cos A CosD 5%4 (b) 5*3 (a) SinD () |(ArA)?
1 200 18 -0.3420 -0.9397 0.9510 -0.8936 -0.3252 0.3090 1197.1600
2 204 16 -0.4067 -0.9135 0.9612 -0.8780 -0.3209 0.2756 936.3600
3 181 12 -0.0174 -0.9985 0.9781 -0.9766 -0.0170 0.2079 2872.9600
4 185 17 -0.0872 -0.9962 0.9563 -0.9526 -0.0834 0.2024 2460.1600
5 218 20 -0.6157 -0.7830 0.9397 -0.7404 -0.5786 0.3420 275.5600
6 208 16 -0. 4695 -0.8829 0.9612 -0.8486 -0.4513 0.5756 707.5600
7 213 15 -0.5446 -0.8387 0.9659 -0.8101 -0.5260 0.2588 466.5600
g 215 10 -0.5736 -0.8191 0.9848 -0.8066 -0.5649 0.1736 384.1600
9 211 14 -0.5150 -0.8572 0.9702 -0.8316 -0.4996 0.2410 556.9600
10 212 13 -0.5299 -0.84380 0.9744 -0.8263 -0.5163 0.2240 510.7600
1 234 16 -0.8090 -0.5878 09612 -0.5650 -0.7776 0.2756 0.3600
12 232 16 -0.7880 -0.6157 0.9612 -0.5918 -0.7574 0.2756 6.7600
13 243 21 -0.8210 -0.4540 0.9336 -0.4238 -0.8318 0.3583 70.5600
14 247 20 -0.9205 -0.3907 0.9397 -0.3671 -0.8650 0.3420 153.7600
15 230 20 -0.8672 -0.5150 0.9397 -0.4830 -0.8150 0.3420 19.3600
16 206 15 -0.8988 +0.4384 0.9659 +0.4234 -0.8681 0.2588 3769.9600
17 301 11 -0.8572 +0.5150 0.9816 +0.5055 -0.8414 0.1908 4408.9600
18 208 15 -0.8829 +0.4695 0.9652 +0.4535 -0.8528 0.2588 4019.5600
19 313 12 -0.7314 +0.6820 0.9455 +0.6448 -0.6913 0.3255 6146.5600
20 200 16 -0.9397 +0.3420 0.9612 +0.3287 -0.9032 0.5756 3069.1600
> -12.6873 -2.881 -8.6401 -12.157 6.1047 32033.2000
32 0.80 160.9676 97.6342
Mean vector azimuth (dre tan R =(Fa) £ (Ib): R=tan! (-12.157/-8.6401)=54.60°+180°=234.60°
Variance Variance $2=% (AR} / n-1 57=32033/19-1685.95
Vector strength 8= v (ZsinA)*+ (cosA)2 /n S=(97.6342+ (160.96/20 =0.80
Table 3.9. Computational procedure for paleocurrent analysis at Ufuma
UFUMA 1 2 3 4 5 6 7 8 9
Sample Azimuth (A) Dip (D) Sine A Cos A CosD 5%4 (k) 5*3 (a) SinD (c) |[(ArA)?
1 160 10 0.3420 -0.9397 0.9848 -0.9254 +0.3376 0.1736 5641.5121
2 340 14 -0.3420 0.9397 0.9703 09118 -0.3318 0.2419 11001.9121
3 170 8 0.1736 -0.9848 0.9903 -0.9752 0.1719 0.1392 42393121
4 350 4 -0.1736 0.9848 0.9975 0.9823 -0.1732 0.0697 13199.7121
5 325 17 -0.5736 0.8191 0.9563 0.7833 -0.4698 0.2023 8080.2121
& 240 23 -0.8660 -0.5000 0.9205 -0.4602 -0.7871 0.3907 23.0121
7 310 20 -0.7660 0.6428 0.9397 0.6040 -0.7198 0.3420 5608.5121
g 230 15 -0.7660 -0.6428 0.9650 -0.6207 -0.7300 0.2588 26.1121
2 245 20 -0.9063 -0.4226 0.9397 -0.3971 -0.8516 0.3420 97.8121
10 210 10 -0.5000 -0.8660 0.9848 -0.8528 -0.4924 0.1736 630.5121
11 160 22 0.3420 -0.9397 0.9272 -0.8713 +0.3171 0.3746 5641.5121
12 225 18 -0.7071 -0.7071 0.9510 -0.6724 -0.6724 0.3090 102.2121
13 240 17 -0.8660 -0.5000 0.9563 -0.4781 -0.8281 0.2923 23.0121
14 242 15 -0.8829 -0.4695 0.9659 -0.4535 -0.8528 0.2588 474721
15 280 20 -0.9848 0.1736 0.9397 0.1616 -0.9254 0.3420 2015.1121
16 301 11 -0.8572 0.5150 0.9816 0.5055 -0.8414 0.1908 43414921
17 300 14 -0.8660 0.5000 0.9703 0.4851 -0.8428 0.2419 4210.7121
18 165 15 0.2588 -0.9659 0.9659 -0.9330 0.2500 0.2588 49154121
19 155 10 04226 -0.9063 0.9848 -0.8025 0.4162 0.1736 6417.6121
20 169 13 0.1908 -0.0816 0.9743 -0.9564 0.1859 0.2240 4370.5321
21 227 15 -0.7313 -0.6819 0.9650 -0.6586 -0.7063 0.2588 65.7721
22 231 14 -0.7771 -0.6203 0.9703 -0.6106 -0.7540 0.2419 16.8921
¥ -9.1467 -6.5622 -6.3242 -2.0703 80718.1362
3z 0511 83.6621 43.0625
Mean vector azimuth (drc tan R =(Xa) / (2B} F=tan"! (-9.0703/-6.3242)=55.1141°+180°=235.11°
Variance Variance S°=F (A-R¥/ n-1 52 B0718/21=3843.72
Vector strength 8= V (ZsinA )+ (cosA)2 /n S=\(83.6621+ (43.0625/22 =051
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e At Ifite Awka the Ebenebe Sandstone exhibits a bimodal, palaeocurrent azimuth pattern (Fig.3.4) with a
dominant mode that is directed southwest-ward The variance is 4615 and the vector strength is 0.57 (Table
3.7), also indicating a high dispersion of flow directions about the mean vector azimuth.

Locality Pattern MVA Variance Vector Strength Depositional
Interpretation
Ugwuoba Bimodal 314.22° 14718 0.15 Deltaic
Ifite Awka Bipolar perpendicular 186.64° 4615.7006 0.57 Deltaic
Isiagu Fan shaped/bimodal- 234.60° 1685.9579 0.80 Deltaic
perpendicular
Enugu Abor Fan shaped/bimodal- 235.11 3843.7207 031 Deltaic
perpendicular

e The pattern at Isiagu and Enuuabor-Ufuma is essentially perpendicular-bimodal and radiating (Fig.3.5).
Mean vector azimuth averages 235° while the variance ranges between 1686 and 3844). Dispersion of flow
directions about the mean vector azimuth fluctuates between 0.5 and 0.8 (Tables 3.8 & 3.9).

e By comparison with the shoreline paleocurrent models of Selley (1968)°°, the Ebenebe Sandstone is
interpreted to be a fluvio-deltaic deposit that accumulated along a shoreline in which fluviatile currents (the
southwest mode) were present with net along-shore (the SE-NW mode) marine transport (Fig. 3.6).

e The Ebenebe Sandstone is therefore envisaged to be derived from an easterly source region, transported to
the depositional site by a southwesterly fluvial currents and re-distributed by the SE-NW marine currents to
form the Ebenebe Sandstone ridge.

Marine Seaward-flowing fluviatile currents

Present Absent

D

Currents

Fig, 3.5, Shoreline paleocurrent model (Selley, 1968) ** showing seaward (southward) flowing fluvial currents, landward (northward)
vest) flowing k hore flowing currents

flowing tidal currents and hori 1 (east.

DISCUSSION AND CONCLUSIONS
Discussion

Results of provenance studies of the sandstones of the Anambra and Niger delta basins (e.g., Hoque, 1977%;
Amajor, 1987%, Hoque & Nwajide, 19852, Obi, 2000%) have established that the provenance of the
Maastrichtian-Eocene formations in the Anambra Basin isa mix of sediment sources, including the Oban
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Massif, the West African Massif, and recycled sedimentary rocks from the Anambra Basin and Afikpo
Syncline. According to Obi et al, (2001), the Anambra Basin which was formed following the Santonian
tectonic upheaval in the Benue Trough, continued to subside asymmetrically as Campanian-Eocene
sedimentation progressed in the basin. An episode of strong subsidence occurred in the southern part of the
Anambra platform about the Danian period, uplifting the proximal flank of the basin and dislocating the
depocentre further southward to the Niger Delta. Consequently the uplifted western flanks of the Anambra
basin composed of Maastrichtian sedimentary rocks served as the dispersal centre from which pre-Paleocene
sediments were eroded and transported into the Niger Delta (Obi et al., 2001)°. Results of the present study are
consistent with the above interpretations.

This study has shown that the Ebenebe Sandstone is a quartz arenite that was recycled from a pre-existing
sedimentary terrain and deposited as a fluvio-deltaic deposit. The occurrence of bimodal and bipolar, often
radiating palaeocurrent azimuthal patterns in the Ebenebe sandstones, is recognized as a reliable signature of
deltaic sedimentation. Bimodal palaeocurrent systems with bipolar modes are common in settings where tidal
processes are significant (Selley, 1968%; Kreisa and Moiola 1986%; Dalyrimple, 1992%). In such settings the
bipolar pattern defines the axis of the alternating ebb and flood currents that prevailed during the deposition of
the sediment, the stronger current representing the flood stage (Dalyrimple 1992)°. In the present work, the
bipolar pattern exhibited by the Ebenebe Sandstones coincides with the axis of the alternating seaward directed
fluvial currents, and the landward directed ocean currents. The southerly directed components of the mutually
opposed azimuthal patterns exhibited by the sandstones (Figs. 3.4. & 3.5) may also be attributed to seaward
directed fluvial flows emanating from the pre-Paleocene provenance regions including the emergent
Campanian-Maastricthian strata of the Anambra Basin.

Conclusions

1. Results of this investigation has revealed that Ebenebe Sandstone contains up to 90% Quartz (SiOz)
and subordinate average amounts of Alumina, Al.Os, (5.30%), and Iron oxide, Fe2O3 (23.20%). The
observed high average ratio of SiO2 to Al,O3 in the samples indicates that the Ebenebe Sandstones in
the study area contains minimal clay or detrital Aluminum silicate.

2. The low percentage of total alkali-earth oxides suggests that the Ebenebe Sandstone is dominantly
cemented by silica.

3. Based on the log ratios of chemical oxides and on the classification scheme of Pettijohn (1975)%, the
Ebenebe Sandstone is classified as silica-cemented quartz arenite.

4. Evidence from chemical indices and the Rose diagrams indicates that the Ebenebe Sandstone was
generated from a pre-existing sedimentary terrain located to the northeast of the present study area. The
terrain experienced intense chemical weathering. The geological map of south-eastern Nigeria
(Nwajide, 2013)? shows that this region is underlain by the Maastrichtian strata which according to
existing literature, progressively became emergent as a result of the asymmetrical subsidence of the
post-Santonian Anambra basin.

5. Consequently the uplifted western flanks of the Anambra basin composed of Maastrichtian sedimentary
rocks served as the dispersal centre from where pre-Paleocene sediments were eroded and transported
by southwest-flowing fluvial currents into the Niger Delta (Obi et al., 2001)° to form a linear sand ridge
called the Ebenebe Sandstone.

6. These results thus provide new insight into the paleo-geographic history of the Anambra-Niger delta
basin complex.
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