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Abstract in English

This work deals with the characterisation of the micro-
structure of a nickel insert, a special copper alloy and the
cast joint between them after their use as a glass manu-
facturing mould. The microstructure was characterised by
optical microscopy, scanning electron microscopy and mi-
croanalysis by energy dispersive X-ray spectroscopy.

It was found that the nickel insert contained 7 at. % Si
and 0.3 at. % Fe. The special copper alloy contains un-
desirable phases or compounds, including lead, alumin-
ium-based oxides and borides. The borides are either
iron-, iron-chromium- or chromium-based with differ-
ent stoichiometries between metal components and bo-
ron. The castjoint between the nickel insert and the spe-
cial copper alloy has evidence of mixing the two alloys,
while only in some areas porosity and oxides prevented
the formation of a suitable cast joint. Aluminium-based
oxides and some borides could be the cause of the for-
mation of cracks due to their morphology.

Keywords: nickel alloy, copper alloy, microstructure,
microanalysis

Introduction

Moulds for glass production are usually made
of special copper alloys. Standardised copper
alloys for these purposes are designated as
€99300 and €99350 according to UNS [1-3]. In
addition to copper, these alloys usually contain
some nickel, aluminium, zinc, and iron as the
main alloying elements and should have high
hardness, oxidation resistance, and resistance

Povzetek

Delo obravnava karakterizacijo mikrostrukture niklje-
vega vstavka, posebne bakrove zlitine in litega spoja
med njima po uporabi kot kalupa za oblikovanje stekla.
Mikrostrukturo smo karakterizirali z opticno mikro-
skopijo, vrsti¢no elektronsko mikroskopijo in mikro-
analizo z energijsko disperzijsko rentgensko spektro-
skopijo.

Ugotovljeno je bilo, da nikljev vstavek vsebuje 7 at. %
silicija in 0,3 at. % Zeleza. Posebna bakrova zlitina vse-
buje nezazelene faze, kot so svinec, oksidi na osnovi
aluminija in boridi. Boridi so Zelezovi, Zelezo-kromovi
ali le kromovi z razli¢nimi stehiometrijami med kovina-
mi in borom. Na litem spoju med nikljevim vstavkom
in posebno bakrovo zlitino je opazno meSanje obeh
zlitin, le na nekaterih mestih pa so poroznost in oksidi
preprecili nastanek ustreznega litega spoja. Oksidi na
osnovi aluminija in nekateri boridi lahko zaradi svoje
morfologije povzrocijo nastanek razpok.

Kljuéne besede: nikljeva zlitina, bakrova zlitina,
mikrostruktura, mikroanaliza

to thermal fatigue. In the glass mould industry,
a slightly modified special copper alloy is often
used, which in addition to copper also contains
15-16.5 wt. % Ni, 9.5-10.0 wt. % Al, 7.5-9.0 wt.
% Zn, 0.8-1.2 wt. % Si and up to 1.25 wt. % Fe,
0.2 wt. % Mn, 0.15 wt. % P, 0.1 wt. % Sn, 0.1 wt.
% Pb, 0.1 wt. % Cr, 0.1 wt. % Mg and 0.1 wt.
% Sb. The microstructure of these alloys gener-
ally consists of face-centred cubic o, and cubic
B-AlNi intermetallic phases or compounds with
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space group Pm-3m (CsCl prototype) [4, 5].
A considerable amount of copper is soluble in the
intermetallic B-AlNi phase, which affects its lat-
tice parameters and mechanical properties [6].

The moulds for making glass have nickel in-
serts and nickel plates in certain places. The
nickel inserts have a cast joint with a special
copper alloy, while the nickel plates are weld-
ed to a special copper alloy using a boron-
containing additive. This boron can form very
stable borides with iron and chromium [7-9].
The moulds for glass production are recycled
together with the nickel inserts and plates af-
ter their end-of-life cycle. The amount of recy-
cled material in the production of a new special
copper alloy is limited because of the need to
obtain the correct chemical composition of the
alloy and to limit other undesirable compounds
that accumulate in the alloy.

The objective of this work was to character-
ise the composition and microstructure of the
nickel insert, the special copper alloy, and the
cast joint after their end-of-life cycle as a glass
manufacturing mould.

Materials and methods

This paper characterises the microstructure
of the cast joint between a nickel insert and a
special copper alloy, which is part of a mould
used for the production of glass products. The
special copper alloy presented in this work was
made from used casting moulds. This mould
was analysed after the end of its life cycle. The
joint between a nickel insert and a special cop-
per alloy was cut out of the used mould. Smaller
pieces were mounted and metallographi-
cally prepared for light and scanning electron
microscopy by grinding and polishing with
diamond paste. Final polishing was performed
with a Si0, suspension.

Characterisation of the microstructure of
the nickel insert, the special copper alloy and
its cast joint was performed using optical mi-
croscopy, scanning electron microscopy (SEM),
and microanalysis. Light microscopy was per-
formed using a Zeiss Axio Imager Alm with
AxioCam ICc 3 and AxioVision software, while
SEM and microanalysis were performed using a
JEOL JSM-7600F scanning electron microscope

RMZ - M&G | 2022 | Vol.69[2] | pp.67-74

with field emission gun and energy dispersive
X-ray spectroscopy (EDS) at an accelerating
voltage of 20 kV.

Results and discussion

The average chemical composition, determined
by EDS, is shown in Table 1. The results show
that the nickel insert consists of silicon and
iron in addition to nickel. The microstructure
of a nickel insert is shown in Figure 1. The
light microscopy image of the microstructure
in Figure 1a shows that large nickel dendrites
are present. The backscattered electron
image (BE) of the interdendritic region is
shown in Figure 1b. This region consists of a
heterogeneous structure of nickel and one or
more intermetallic phases, which could be
either B,-Ni,Si, B,-Ni,Si, y-Ni, Si,, or B,-Ni,Si
according to the binary Ni-Si system [10-12].
According to this system, 3.5 wt. % Si lowers
the liquidus and solidus to about 1380 and
1310 °C, respectively.

Figure 2 shows the microstructure of the
special copper alloy. The chemical composi-
tion of this alloy, determined by EDS, is given in
Table 2. Among the elements found in the alloy,
the most important is iron, whose content is
limited in these alloys. Solidification of such an
alloy begins with primary solidification of the
intermetallic B-AINi phase, followed by a eutec-
tic reaction forming a heterogeneous structure
of a,, and B-AINi [13]. Upon further cooling,
the solubility of copper in the (-AINi phase de-
creases, and «a, precipitates within the inter-
metallic 3-AINi phase [13]. In addition to these
two phases, other phases are present as inclu-
sions in the microstructure. These phases are
present due to recycling. As shown in Figure 2c,
these phases are darker than a_ and the inter-
metallic B-AINi phase. This fact indicates that
these regions consist of a significant amount of
elements with low atomic number.

Table 1: Chemical composition of the nickel insert
determined by EDS.

Ni Si Fe
at. % 92.8 7 0.3
wt. % 96.3 3.5 0.3

Naglic et al.
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Figure 1: Light microscopy image (a) and BE image (b) of the nickel insert.

Figure 2: Light (a, b) and BE (c) images of the microstructure of a special copper alloy.

Table 2: Chemical composition of the special copper alloy determined by EDS.

Cu Ni Al Zn Si Fe
at. % 52.6 16.6 21.5 5.9 2.4 1.0
wt. % 61.8 18.0 10.7 7.1 1.2 1.0

Figure 3 shows a higher magnification BE  microanalyses are shown in Table 3. The areas
image with marked areas of microanalyses labelled 1 and 2 represent lead, which is very
of the special copper alloy containing several bright on the BE image due to its high atom-
darker and lighter phases. The results of the ic number. The regions labelled 3 and 4 are

Microstructure of a nickel insert, a special copper alloy, and a cast joint between them
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related to darker phases on the BE image and
consist predominantly of boron. Region 3 con-
tains mostly chromium, but also some iron and
manganese. Other elements, including copper
and nickel, are detected due to the low analyt-
ical spatial resolution. Considering only boron,
chromium, iron, and manganese, this boride
has a composition of 78.9 at. % B, 17.2 at. % Cr,
3.6 at. % Fe, and 0.3 at. % Mn. According to the
binary B-Cr and B-Fe and ternary B-Cr-Fe and
B-Fe-Mn systems [7-9, 14], this boride could be
of the CrB, type with the space group Immm.
This boride can contain up to 7 at. % Fe at an
equilibrium temperature of 1080 °C [9].

The boride in Region 4 contains predomi-
nantly chromium, iron and manganese, while
other elements with significant contents were
detected due to low analytical spatial resolu-
tion. Considering only these four elements, the
composition of this boride is 67.5 at. % B, 16.1
at. % Cr, 15.5 at. % Fe and 0.9 at. % Mn. The
composition of this boride is very close to the
CrB, boride type with space group P6/mmm
[7, 9]. According to the ternary B-Cr-Fe system
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Figure 3: BE Image of the microstructure of a special copper
alloy with marked areas of microanalyses.

[9], this boride can only contain up to 2 at. %
Fe at 1080 °C. However, the temperature com-
monly used in melting and holding the melt
of this particular copper alloy is much higher.
The liquidus temperature for the copper alloy
in question was found to be between 1170 and
1180 °C [13], while the melt is normally held
at temperatures at least 100 °C higher during
the production process. This means that the
borides are kept at temperatures probably at
least 200 °C higher than the temperature des-
ignated in the ternary B-Cr-Fe system [9]. This
could also mean that the solubility of the iron
could be higher at these temperatures. Lastly, it
is possible that the boride itself is not an equi-
librium phase at all. The solubility of the 0.9 at.
% Mn is quite likely; however, since manganese
itself forms MnB, with the same crystal struc-
ture and space group P6/mmm, it is hard to tell
them apart [14, 15]. Yet, the boride in Region
4 exhibits an acicular morphology, which is a
typical characteristic of hexagonal phases or
compounds.

Region 5 corresponds to a copper-rich cubic
solid solution that also contains aluminium,
zinc and some nickel. Region 6 is related to
the B-AINi intermetallic phase that contains
aluminium and nickel as well as copper, silicon
and some iron. The detection of zinc in Region
6 is most likely again the result of low analytical
spatial resolution.

Figure 4 shows the BE image of the special
copper alloy at various magnifications. Figure 4b
also shows the regions of the microanalyses, which
correspond to a darker particle similar to the
borides in Figure 3 in the first case and a large dark
and thin phase in the second and third. The results
of the microanalyses are shown in Table 4.

Table 3: EDS microanalyses of the areas shown in Figure 3 in at. %.

B 0 Al Si P Ti Cr Mn Fe Ni Cu Zn Mo Pb
1 - 11.4 2.2 - - - - - - 28 248 23 - 56.5
2 - 10.6 7.9 - - - - - 0.7 129 356 41 - 28.2
3 755 - 02 01 02 01 165 03 34 1.1 19 02 03 -
4 623 - 1.3 02 04 - 149 08 143 18 3.7 04 - -
5 - - 10.5 0.8 - - - - 0.3 34 767 82 - -
6 - - 329 5.2 - - - 02 19 342 233 23 - -

RMZ - M&G | 2022 | Vol.69[2] | pp.67-74

Naglic et al.



ISpectrum 2|

\

FS:[)G‘.CU um 1

VSpcchr um 3

|
I

Figure 4: BE Images of the microstructure of a special copper alloy (a) and magnified detail with marked areas of microanalyses (b).

Table 4: EDS Microanalysis of the areas shown in Figure 4b in at. %.

B (0) Mg Al Si S Cr Mn Fe Ni Cu ZIn Pb F
1 526 0.69 0.57 115 381 1.61 2.06 3.21
2 42.7 5.7 22.2 0.3 0.3 1.7 244 2.8
3 355 43 19 0.7 0.5 11 249 39 03

The particle in Region 1 represents the
boride, which also contains iron, manganese,
and chromium. Considering only boron, iron,
manganese, and chromium, the composition of
this boride is 56.9 at. % B, 41.2 at. % Fe, 1.2 at.
% Mn, and 0.6 at. % Cr. Since this boride con-
tains mainly only iron, we can primarily use the
B-Fe binary system to look for a possible candi-
date. According to the binary system, only FeB
exists with the space group Pbmn containing
50.0 at. % B. The other boride from the same
binary system contains even less boron [8].
The borides from the ternary systems B-Cr-Fe
and B-Fe-Mn [9, 14] all contain much smaller
amounts of iron, so FeB, which also has infinite
solubility of manganese and chromium, is the
closest equilibrium phase. However, it is more
likely that this boride is metastable and will
continue to transform to a more stable form
during cooling and service time.

Regions 2 and 3 correspond to a thin dark
line, which, as shown by the analyses in Table 4,
is aluminium oxide that also contains some mag-
nesium. Other elements with significant con-
tents are probably detected because of the low
analytical spatial resolution. The formation of an
aluminium-based oxide is to be expected since
aluminium is the alloying element with the most
thermodynamically stable oxides in this alloy
and, consequently, all surfaces exposed to oxygen

would form this oxide. Such oxides are common-
ly found in these alloys.

Figure 5 shows light and BE images of the
cast joint between the nickel insert and the
special copper alloy and a dark thin line near
the joint that resembles the oxides described
earlier. Figure 5a shows part of a cast joint
where mixing of both alloys took place. Such a
joint is desirable. Figure 5b, on the other hand,
shows an area of the joint where dark pores
and a thin dark line are both present at the
boundary between the special copper alloy and
the nickel insert. It can be seen that no mixing
took place in this part of the joint. Such areas
are undesirable due to their inferior mechan-
ical properties. In addition, these areas prob-
ably contain an oxide layer common in the
investigated copper alloy, which by itself pre-
vents the mixing of the two alloys. The shape
of this oxide layer can also lead to the cracking
and ultimate fracture of such a mould during
service time. Figure 5c shows the BE image of
a cast joint with a thin dark line near the joint
similar to the aluminium-based oxides charac-
terised earlier. In Figure 5d, this part is shown
enlarged, and microanalyses were performed
in two areas, as shown in Table 5. Both analy-
ses confirm that aluminium-based oxides are
present in both regions and probably contain
some magnesium, chromium, and silicon. Other

Microstructure of a nickel insert, a special copper alloy, and a cast joint between them

71



72

‘Specﬁnr um 1

‘Spectrum 2]

Figure 5: Light (g, b) and BE images (c, d) of the microstructure of a special copper alloy.

Table 5: EDS microanalysis of the areas shown in Figure 5d in at. %.

0 Na Mg Al Si S Ca Cr Mn Fe Ni Cu Zn
1 558 09 3.6 165 54 0.2 0.5 0.8 - 1.1 29 113 1.0
2 54.5 - 40 210 34 - 0.4 1.1 0.2 1.5 2.7  10.0 1.1

elements were most likely detected due to the
low analytical spatial resolution.

The results of this work show that the spe-
cial copper alloy contains several undesirable
phases, many of which are a consequence of re-
cycling. Lead and boride inclusions are certain-
ly a result of recycling, while aluminium-based
oxides found were probably formed during cast-
ing. However, aluminium-based oxides can also
survive during remelting if not removed phys-
ically. These oxides could lead to the moulds
cracking. Borides also accumulate in the alloy
as a result of recycling. The borides found in
this work are either iron-, iron-chromium-, or
chromium-based, and all contain some man-
ganese. These borides also have different mor-
phologies and stoichiometries with respect to
the metal/boron ratio and are not necessarily
equilibrium phases. Some morphologies, such
as the acicular morphology shown in Figure 3,

RMZ - M&G | 2022 | Vol.69[2] | pp.67-74

could also be potentially harmful, as they can
lead to the formation of cracks.

Conclusions

This work deals with the composition and
microstructure of the nickel insert, the special
copper alloy, and the cast joint between them.
The results show that the nickel insert con-
tains 7 at. % Si and 0.3 at. % Fe. The special cop-
per alloy, in addition to the intermetallic 3-AINi
phase and the cubic copper-based solid solu-
tion, also contains some undesirable phases,
including lead, aluminium-based oxides, and
borides. Borides can be either iron-based, iron-
chromium-based, or chromium-based with dif-
ferent stoichiometries for metallic components
and boron. All of these borides also contain
small amounts of manganese. Aluminium-based

Naglic et al.



oxides and some borides can potentially lead
to cracking due to their morphology. The cast
joint between the nickel insert and the special
copper alloy generally shows mixing of the two
alloys, which is desirable. In some areas of the
joint, we observed porosity and, most likely, an
oxide layer that prevented the two alloys from
mixing. Such parts of the joint are not desirable,
as they deteriorate the mechanical properties
of the joint.
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Abstract in English

Rare earth elements (REE) are critical metals widely
used in modern technology. There is an increased de-
mand for these elements which has necessitated addi-
tional exploration. The REE geochemistry of syenites
and charnockitic rocks from selected locations within
southwestern Nigeria were studied to determine their
concentrations, distribution patterns, and mineralisa-
tion potential to deduce if they can be economically
exploited. Mineralogical studies were carried out using
scanning electron microscopy (SEM). Ten rock samples
including five syenites and five charnockites were ana-
lysed for their elemental composition using inductive-
ly coupled plasma - mass spectrometry (ICP-MS). The
REE-bearing minerals identified from the SEM analysis
include apatite and monazite. The fractionation ratio
(La/Yb), ranged from 29.36 to 48.75 for the syenites
and from 24.43 to 48.29 for the charnockites, indicat-
ing magmatic differentiation. Total REE (3REE) in the
syenites (342-675 ppm) and charnockites (220-802
ppm) suggests that they are enriched with respect to
REE but the REE concentration in the rocks of the study
area had very low Y REE compared to the REE contents
of the rocks where they have been mined and may
therefore not be economically viable.

Keywords: rare earth elements, syenites, charnockites,
abundances, fractionation

Povzetek

Prvine redkih zemelj (REE) so kriti¢ne kovine, Siroko
uporabljane v moderni tehnologiji. Pove¢ano povpra-
Sevanje po teh prvinah vodi v dodatna raziskovanja.
V izbranih lokacijah jugozahodne Nigerije smo v sie-
nitih in ¢arnokitnih kamninah dolo¢ili vsebnosti REE,
porazdelitvene vzorce in mineralizacijski potencial, da
bi ugotovili upravicenost ekonomskega izkorisc¢anja.
Mineraloske raziskave so bile opravljene z vrsti¢nim
elektronskim mikroskopom (SEM). Elementna sestava
desetih vzorcev, od tega pet sienitov in pet ¢arnokitov,
je bila dolocena z induktivno sklopljeno plazemsko
masno spektrometrijo (ICP-MS). S SEM smo kot nosil-
ca REE prepoznali apatit in monacit. Frakcionacijsko
razmerje (La/Yb) ima za sienite razpon od 29,36 do
48,75, za Carnokite 24,43-48,29, kar kaZe na magmat-
sko diferenciacijo. Skupna vsebnost REE (}REE) v si-
enitih (342-675 ppm) in ¢arnokitih (220-802 ppm)
nakazuje na obogatitev REE, so pa vsebnosti REE v
raziskanih vzorcih nizje od tistih, ki jih izkazujejo ka-
mnine iz trenutno rentabilnih rudnikov, zato ekonom-
sko izkoriS¢anje preiskanih sienitov in ¢arnokitov ni

upraviceno.

Klju¢ne besede: elementi redkih zemelj, sieniti, carno-

kiti, vsebnost, frakcionacija
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Introduction

Rare earth elements (REE) have attracted
much attention in recent years due to their high
significance to the entire human population.
Their importance in the production of modern
technological applications cannot be under-
estimated, and their global reserve, which is
gradually diminishing, has led to an increased
demand for these elements. As the global
demand for REE increases, the exploration of
new REE deposits is essential [1].
Economically, the REE mineralisation and
deposits include two separate types: light
rare earth element (LREE) deposits and heavy
rare earth element (HREE) deposits. Most
LREE are produced from carbonatite depos-
its. lon-adsorption clay deposits in southern
China (referred to as “south China clays”) are
currently the world’s main source of HREE, they
have low REE content, but they are economical
because the REE can be easily extracted from
them. The second significant HREE sources are
alkaline rock-hosted deposits containing HREE

and Y as their primary product or co-product.
The deposits containing HREE generally tend
to be lower grade than the LREE deposits.
However, the HREE, based on unit value, can
be more valuable and their low-grade deposits
may still be economically exploitable [2]. LREE
are generally more abundant, and less valuable
than the HREE.

Many studies have been carried out in var-
ious areas to check for possible REE potential
and recent studies have shown possible poten-
tial for REE mineralisation in areas that might
have been initially overlooked. Because of the
need for more exploration and exploitation of
these REEs, there is an awakening call for more
studies to be carried out in other areas and in
rocks that have not been explored [3].

The focus of this study is on determining the
abundances of REEs in syenites and charnock-
itic rocks of selected areas in southwestern
Nigeria, in order to determine their minerali-
sation potential. The study area is underlain by
the basement complex of Nigeria. Rahaman [4]
reviewed the geology of southwestern Nigeria
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Figure 1: Geological map of southwestern Nigeria showing the sampling points. (Modified after the Nigerian Geological Survey

Agency [5]).
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Figure 2: Photomicrograph of syenites from: (a) Okeho showing B = biotite, P = plagioclase, Ol = Oolivine, My = mymerkite,
O =opaque, G = garnet (b) Iwo showing Q = qQuartz, M = microcline, P = plagioclase, Py = pyroxene (c) Kajola showing P =

plagioclase, B = biotite, Or = orthoclase, H = hornblende.

Figure 3: Photomicrographs of charnockite from a) Akure showing Q = quartz, B = biotite, Opx = orthopyroxene, P = plagioclase,
O = opaque; b) Ikere showing Q = quartz, B = biotite, Pl = plagioclase, H = Hornblendeh,; and c) Ado showing Q = quartz,

B = biotite, P = plagioclase, H = hornblende.

and recognised six major lithological units,
which include (1) the migmatite-gneiss-quartz-
ite complex; (2) the paraschists and metaigne-
ous rocks that consist of pelitic schist, amphibo-
lite, and talcose rocks; (3) metaconglomerates,
marbles, and calc-silicate rocks; (4) the char-
nockitic rocks, (5) the older granites varying
in composition from granodiorite to true gran-
ites; and (6) potassic syenites and the dolerites.
Fifteen different locations around southwest-
ern Nigeria were chosen for the study (Figure
1). The mapped lithological units for these
studies are syenites and charnockitic rocks.

Materials and methods

Fresh samples of syenites and charnockitic
rocks were obtained during systematic field
mapping. Petrographic analysis was carried out
at the University of Ibadan. Scanning Electron
Microscopy-Energy Dispersive Spectroscopy
(SEM-EDS) was used to study possible

REE-bearing minerals at the Department of
Geology, University of the Free State, South
Africa. Ten representative rock samples inclu-
sive of five syenites and five charnockites were
analysed for their elemental concentration at
the Bureau Veritas Mineral Services, Vancouver,
Canada using an inductively coupled plas-
ma-mass spectrometer (ICP-MS).

Results and discussion

Field occurrences and petrographic
descriptions

Syenites: The syenites studied were found in
the following areas: Awo, Iwo, Okeho, Ayetoro-
Oke, and Iwere-Oke. The syenite of Iwo is
found as a low-lying and very extensive out-
crop; quartzo-feldspathic and pegmatitic veins
were observed in the outcrop. It is grey in
colour with fine- to medium-grained texture.
The Okeho, Ayetoro Oke, and Iwere Oke syenite
outcrops were found as low-lying and huge

Rare Earth Element Geochemistry and Abundances in Syenites and Charnockitic Rocks of Selected Locations within Southwestern Nigeria
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Figure 4: (a and b): Back-scattered electron (BSE) image of REE-bearing minerals in the rims of zoned apatite from charnockites;

(c and d): BSE image of REE-bearing minerals in syenites.

continuous boulders. They are dark green to
dark grey in colour with medium- to coarse-
grained texture. The petrographic analysis
for syenites reveals mineral assemblages of
quartz, plagioclase, biotite, olivine, pyroxenes,
hornblende, microcline, augites, and opaque
minerals (Figure 2a-c).

Charnockites: The charnockite samples
were collected from: Oye, Otun, Ido Osi, Ado,
Ikere Ekiti, Akure, and Osuntedo. The char-
nockitic rocks of Oye occur as low-lying out-
crops, boulders, and as road cut in some places.
The charnockites in Ado-EKkiti, Ikere, and Akure
occur mostly as hills and as large, elongated,
and rounded boulders in close association with
the porphyritic Older Granite. They are coarse

RMZ - M&G | 2022 | Vol.69[2] | pp. 75-84

grained with a colour variety ranging from dark
green to greenish grey and whitish grey as ob-
served in the sample from Ado-EKkiti. The petro-
graphic analysis revealed mineral assemblages
of quartz, plagioclase, orthoclase, biotite, py-
roxenes, hornblende, microcline, and opaque
minerals (Figure 3a-c).

REE minerals

REE-bearing accessory minerals were stud-
ied using their chemical compositions as
observed via Scanning Electron Microscopy.
The observed REE in the charnockite occurred
along the rims of zoned apatite (Ca; (PO,), (F,

Okunlola et al.



Cl, OH) grain (Figure 4a and b). The zoning
might be due to a change in temperature or
composition of the fluid from which the crystal
crystalised.

Apatite was observed to be associated with
a mineral suspected to be monazite, which is
an REE-concentrating mineral more enriched
in LREE. REE minerals in syenites are small
and scarce (Figure 4 c and d). Their composi-
tion is also very different to the REE minerals
in the other samples. The REE-bearing mineral
identified in the BSE image of the syenite is sus-
pected to be monazite, on the basis based of its
chemical compositions (Table 1).

REE geochemistry

The total REE (3 REE) ranges from 342.54 to
675.15 ppm. The syenites are more enriched
in LREE, with values ranging from 325.66 to
648.24 ppm, and Ce, being the most prevalent
REE, HREE ranged 19.03-26.91 ppm. The Iwo
quartz potassic syenite is characterized by
higher YREE than the syenites from other
areas, with a value of 675.15 ppm. The Kajola
and Iwere-Oke syenites have comparable
values of 469.17 ppm and 462.69 ppm, respec-
tively, for their Y REE, while the syenites from
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Ayetoro-Oke have the lowest Y}REE value of
325.66 ppm (Table 2).

The YREE of the charnockitic rocks varies
with location, ranging from 224.26 ppm in the
charnockite of Otun to 801.03 ppm in Akure
charnockite. The charnockites are more en-
riched in LREE with values ranging from 211.28
ppm to 754.03 ppm and relatively depleted in
HREE with values ranging from 8.64 ppm to
47.7 ppm. The Akure charnockite is charac-
terised by anomalously high REE contents of
801.03 ppm compared to other charnockites.
The syenites and charnockites are character-
ised by high concentration of LREE and rela-
tively low contents of HREEs with significant
LREE/HREE fractionation.

The rocks having more LREE than HREE
may be a result of newly formed P-bearing
minerals such as apatite or monazite being
important carriers of LREE [6, 7]. That the
syenites and charnockitic rocks are character-
ised by high REE concentrations, which is due
to the presence of high values of LREE, sug-
gests REE-concentrating minerals (especially
monazite, which contains LREE), which indi-
cates that their original magma had crustal
input [8].

Table 1: Chemical composition of the REE minerals in charnockites and syenites.

1 2 3 4 5 6 7 8 9
F 241 2.57 241
Na,O 1.88 3.6
MgO 0.4 0.52 0.61 0.37 0.86
AlLO, 13.46 13.17 13.3 15.74 1.7 0.49
Sio, 28.39 2791 29.48 0.75 0.63 0.16 38.14 3.78 4.94
P,0, 5.25 5.85 7 39.4 39.7 40.57 1.87 3245 25.65
Cl 0.12 0.17 0.12
Cao 18.06 20.12 19.04 57.32 5694 56.73 12.86 10.9 8.92
Fe,0, 14.22 13.76 12.72 11.85 032 126
La,0, 5.88 491 4.83 4.36 1699 13.36
Ce,0, 11.01 10.54 8.52 8.66 28.13 2592
Nd,0, 3.33 3.21 2.62 2.55 5.38 7.25
Total 100 99.99 100 100 100.01  99.99 100
Mineral Monazite Monazite Monazite Apatite Apatite Apatite Monazite

1-7, REE minerals in charnockites, 8-9 REE in syenites.

Rare Earth Element Geochemistry and Abundances in Syenites and Charnockitic Rocks of Selected Locations within Southwestern Nigeria
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Table 2: Trace and rare elemental concentration in syenites and charnockites in selected locations in southwestern Nigeria

(all values in ppm)

1 2 3 4 5 6 7 8 9 10
Ba 2495 1565 1493 1754 1429 1942 1915 1467 1144 2018
Ga 20.3 19.8 20.1 18.4 20 18.7 19 19.8 19 22.6
Hf 24.5 15.7 11.6 10.2 11.6 5.6 5.6 7.4 12.1 20.6
Nb 31.3 30.4 27.3 22.9 279 13 12.9 12.2 24.7 39.3
Rb 384 3669 263.5 315.7 296 93.4 86 69.8 78.6 105.4
Sr 842 4381 4639 4551 464.1 1062 1028  535.7 465.6  399.3
Th 79.6 60.7 30.8 36.1 45.7 7.6 6 16.6 9 16.4
U 5.9 4.8 4.9 3.9 3.4 1.5 1.1 2.2 1.6 0.8
\ 90 60 76 51 64 88 85 59 88 116
w 0.7 1.8 2.2 1.7 1.1 0.9 0.7 <0.5 <0.5 0.8
Zr 1063 597 461 3867 4416  223.6 220 301.5 5313 895
Y 28 249 26.8 22 32.2 17 15.9 11 26.1 64.1
La 141 1114 93.6 81.7 106.7 51.4 50.8 70.2 72.1 195.6
Ce 290 2124 1785  150.2  200.7 96.1 93.3 109.6 137.1 3384
Pr 39 2435 23.08 1832 2587 1197 11.66 1181 1745 4196
Nd 149 81.1 83.6 63.5 93.4 42.9 42.7 37.7 62.6 150.7
Sm 24 12.04 13.54 9.75 15.15 6.77 6.64 4.81 10 23.06
Eu 4.58 2.37 2.57 2.19 2.67 2.12 211 2.49 2.86 4.31
Gd 14 7.73 8.96 6.85 10.29 5.1 4.82 3.46 7.94 18.72
Tb 1.44 0.97 1.11 0.83 1.24 0.64 0.6 0.42 1.03 2.39
Dy 6.02 4.72 5.31 4.2 6.02 3.2 3.19 2.05 5.07 12.51
Ho 0.88 0.83 0.94 0.73 1.06 0.6 0.56 0.37 0.93 2.23
Er 2.21 211 2.4 1.89 2.85 1.63 1.54 1.08 2.49 5.73
Tm 0.32 0.32 0.33 0.28 0.41 0.22 0.22 0.14 0.33 0.77
Yb 1.95 2.03 2.12 1.82 2.45 1.4 1.35 0.98 1.99 4.64
Lu 0.28 0.32 0.31 0.28 0.36 0.21 0.2 0.14 0.31 0.71
Y 28 249 26.8 22 32.2 17 15.9 11 26.1 64.1
ZLREE 648 443.66 394.89 325.66 444.49 211 207 236  302.11 754.03
YHREE 26 19.03 2148 16.88 24.68 13 12.48 8.64 20.09 47.7
ZREE 675 462.69 416.37 342.54 469.17 224 220 245 322 802
ZLREE
ZHREE/ 24 2331 1838 19.29 18.01 16.26 16.6 27.39 15.1 18.81
XREE+Y 703 487.59 443.17 364.54 50137 24126 23559 256.25 348.3 865.83
Eu/Eu* 0.77 0.75 0.71 0.82 0.65 1.1 1.14 1.87 0.98 0.63
Ce/Ce* 0.94 0.98 0.92 0.93 0.92 0.93 0.92 0.92 0.93 0.9
(La/Yb), 48 37 29.77 3026  29.36 2475 2537 4829 2443 2842
(La/Sm),, 3.66 5.82 4.35 5.27 4.43 4.78 4.81 9.18 4.54 5.34
(Ce/Yb), 38 27.06 21.78 2135 2119 17.76 17.88 2893 17.82 18.86

Syenites: 1-1wo, 2-lwere-lle, 3 - Okeho, 4 - Ayetoro Oke, 5 - Kajola.

Charnockites: 6 - Otun. 7, Ado, 8 - Afao, 9 - Kajola, 10-Akure

RMZ - M&G | 2022 | Vol.69[2] | pp. 75-84
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Figure 5: a) Plots of Zr/Y vs Th/Yb for charnockites of the study areas showing three sampling points (after Ross and Bédard [14];
b) Plots of Zr/Y vs Th/Yb for syenites of the study area (after Ross and Bédard [14]); c) Chondrite normalised REE distribution
pattern for the syenites (after Boynton [13]); d) Chondrite normalised REE distribution pattern for the charnockites (after Boynton

[13]).

The (La/Yb), values ranged from 29.36 to
48.75 for the syenites and from 24.43 to 48.29
for the charnockites; the (La/Sm), values in
syenites is 4.35 : 5.82; and 4.54 : 9.18 in the
charnockites. The (Ce/Yb), ranges from 21.19
to 38.49 for the syenites, and from 17.76 to
28.93 for the charnockites. The high values of
the normalised ratios of La to Yb, La to Sm, and
Ce to Yb in the different rock types are evidence
of a high degree of fractionation, which shows
that the REE patterns are LREE enriched.

According to Ukaegbu and Ekwueme [9], the
La/Yb, Ce/Yb, and La/Sm values are normal-
ly higher in residual products than in primary
melts. Hence, (La/Yb), values higher than 5 are
an indication of magmatic differentiation [10].
This implies that even though the magma might
have originated from a mixed source, differen-
tiation was important in the formation of these
rocks [8].

The syenites showed negative Eu anomalies
of 0.65-0.82, suggesting that a large amount
of plagioclase was removed from felsic magma

during fractional crystallisation. It could also
be due to the presence of pyroxenes in them,
as pyroxene-rich cumulates acquire a nega-
tive Eu anomaly [11]. The charnockitic rocks
showed both a negative and a positive Eu
anomaly of 0.63-1.87, indicating accumula-
tion of plagioclase during the fractionation of
magma for the later (Figure 5). According to
Weill and Drake [12], magma crystallising sta-
ble plagioclase has most of the Eu being incor-
porated into the plagioclase mineral leading
to a higher concentration of Eu in the miner-
al relative to other rare earth elements in the
magma.

The Ce anomaly ranges from 0.92 to 0.98 in
the syenites, and from 0.90 to 0.93 in the char-
nockitic rocks. Ce anomalies reflect the oxy-
gen fugacity in the environment of formation,
[13]. According to Boynton [13], when there
is no large negative Ce anomaly, it indicates
formation under reducing conditions; a large
negative Ce anomaly indicates formation under
oxidising conditions.

Rare Earth Element Geochemistry and Abundances in Syenites and Charnockitic Rocks of Selected Locations within Southwestern Nigeria
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Table 3: Comparison of the REE concentration in the syenites of the study area with other related rock types (all values in ppm).

1 2 3 4 5 6
REE RANGE AVERAGE  AVERAGE Mean RANGE AVERAGE
La 81.72-111.4 257 93.36 42.07 5082-94810 449.5
Ce 150.2-290.2 450 214.36 60.57 7021-90630 798
Pr 18.32-39.02 N/A N/A 5.01 510-5835 75.5
Nd 63.5-149.2 304 105.51 13.04 1592-16418 43.5
Sm 9.75-24.25 66.5 16.72 1.18 110-1147 265.5
Eu 2.19-2.67 7.1 3.69 0.36 22.8-236.5 39
Gd 7.73-10.29 54.8 9.43 1.9 53-513 1.9
Tb 0.83-1.44 6 N/A 0.28 26-52 26
Dy 4.2-6.02 N/A 5.2 1.77 29-338 2.9
Ho 0.73-1.06 N/A 0.98 0.47 23-40 12.5
Er 1.89-2.85 N/A 2.31 1.56 36-395 2.35
Tm 0.28-0.41 N/A N/A 0.15 6-7 5.95
Yb 1.82-2.45 14.4 1.51 1.61 3-52 0.85
Lu 0.28-0.36 2.55 0.21 0.29 0.5-10 0.8
XLREE 325.66-648.24 1084.6 433.64 122.23 N/A 1655.4
XHREE 16.88-26.91 77.75 19.64 8.03 N/A 29.89
REE 342.54-674.85 1162.35 453.28 130.26 14458-199154 1685.3
XLREE/ZHREE 18.01-24.11 13.95 22.07 15.22 N/A 55.38

1. Syenites of the study areas

2. Syenites of Nigeria Mesozoic granites [15]

3. Syenites of Minias Grais, Brazil [16]

4. Nepheline syenites of Gboko area, Nigeria [17]

5. Carbonatites from Wu dyke, Bayan Obo, North China [18]
6. Quartz syenites of Prakasam alkaline province, India [19]

REE mineralisation potential in the syenites

and charnockites

In order to determine the mineralisation
potential of the syenites and charnockites,
the REE-bearing minerals in the rocks were
searched for, the mineral apatite and monazite
were observed, and a comparative study was
carried out comparing between the syenites
of this present study with related rocks, which
includes the following: the nepheline syenites
of the Gboko area, with YREE = 130.26 ppm;
quartz syenites of the Prakasam alkaline prov-
ince of India }REE = 1685.3 ppm; the quartz
syenites from the Nigerian younger granites
province Y;REE =1084.6 ppm; and the syenites
of Capituva Massif, Brazil ) REE = 453.28 ppm
in order to determine the abundance of Y REE
in the study area syenites relative to those of
other areas, (Table 3).

RMZ - M&G | 2022 | Vol.69[2] | pp. 75-84

Charnockitic rocks of the study area were
compared with related rock types to determine
their Y REE abundance relative to those of the
related rock types. The comparison was done
with Charnockites/enderbites of the Obudu
Plateau; Garnet-charnockitic gneiss of Congo;
charnockites from Kogi, Nigeria; charnockite
gneiss from Norway; and charnockites from
Pallavaram, Madras city, India (Table 4). The
abundance of REE in the syenites and char-
nockites, when compared to concentrations
from regions where REE has been studied and
shown to be substantially enriched, suggests
that the syenites are fairly enriched, while the
charnockites are moderately enriched.

Further comparison was done for both
the syenites and the charnockitic rocks with
carbonatites from Wu dyke, Bayan Obo, North
China, an area where REE is mined. The REE

Okunlola et al.



Table 4: Comparison of the REE concentration in the charnockites of the study area with other related rock types (all values
in ppm).
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1 2 3 4 5 6

REE RANGE RANGE AVERAGE ~ AVERAGE  AVERAGE RANGE
La 50.8-195.6 40.9-147 280.38 136 80.5 20.7-81.7
Ce 93.3-338.4 85.3-287 26.24 301 182.5 28.0-159.0
Pr 11.66-41.96 10.4-31.9 85.5 35.3 N/A N/A

Nd 37.7-150.7 46.9-123 13.62 146 95.5 6.9-66.0
Sm 4.81-23.06 9.7-20.3 433 26 20 0.76-15.9
Eu 2.11-4.31 2.35-3.85 12.55 5.8 2.5 1.23-3.17
Gd 3.46-18.72 8.2-15.1 1.95 17.7 18.5 6.0-19.4
Tb 0.42-2.39 1.2-1.8 12.28 2.4 2.95 0.08-0.78
Dy 2.05-12.51 5.9-9.2 2.41 12.6 N/A N/A

Ho 0.37-2.23 1.1-1.6 6.65 2.2 N/A N/A

Er 1.08-5.73 3.1-4.2 0.97 5.7 N/A N/A

Tm 0.22-0.77 0.43-0.54 6.47 0.75 1.445 0.03-2.25
Yb 0.98-4.64 2.6-3.2 0.95 4.2 8.2 0.27-13.8
Lu 0.14-0.71 0.37-0.51 30 0.63 1.13 0.21-1.91
TLREE  211.26-754.03 196.7-611 422 650.1 381 57.59-325.77
THREE 8.64-47.7 25.9-36.3 61.7 46.18 32.23 6.59-38.14
EREE 219.69-801.73 220.02-647.96 484 696.28 41323  64.18-363.91

N/A - Not Available

1. Charnockite of the study area

2. Charnockites of Obudu Plateau [20]

3. Garnet-charnockitic gneiss of Congo, South Cameroon [21]
4. Charnockites from Kogi area, Nigeria [22]

5. Charnockites gneiss from South Norway [23]

6. Charnockites from Pallavaram, Madras City, India [24]

concentration in the rocks of the study areas
had very low Y REE relative to the very high
REE contents of this rock and are therefore not
be economically viable.

are fairly enriched, while the charnockites are
moderately enriched.
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Abstract in English

The spectral analysis of aeromagnetic data over the study
area (Northern basement complex, Nigeria) revealed
the existence of two major source depths. The second
segment of the spectrum layer shows shallow sources
ranging in depth from 0.135 km to 0.201 km, with an av-
erage depth of 0.140 km. The depth to the basement or
deeper source ranges between 1.655 km and 2.021 km,
with an average depth of 1.882 km. The Precambrian
basement is reflected in the deeper sources, beginning
with the first segment of the power spectrum. Structural
and topographic relief of the basement surface, lateral
differences in basement susceptibilities, and intra-base-
ment features such as faults and fractures contribute to
the variation in basement composition. The mean thick-
ness of sediments in the study area is represented by the
D2 values obtained from the spectral plots. The depths
revealed by this study appears to be reasonable and
consistent with previous researchers’ findings. Tecton-
ically active regions have a major impact on heat flows.
The average heat flow in thermally normal continen-
tal regions is reported to be above 60 mW/m?. Values
between 80 and 100 mW/m? indicate a good geother-
mal source; values in excess of about 80-100 mW/m?
indicate anomalous geothermal conditions.

Keywords: 3-D Euler deconvolution, spectral inver-
sion, magnetic basement depth, linear features, Nigeria

Povzetek

Spektralna analiza aeromagnetnih podatkov je na
preiskanem obmoc¢ju razkrila obstoj virov v dveh
glavnih globinah. Drugi segment spektralnega slo-
ja kazZe na plitve vire, ki leZijo na globini od 0,135
km do 0,201 km, s povprecno globino 0,140 km.
Globina do podlage ali globljega vira je med 1,655
km in 2,021 km, s povprecno globino 1,882 km.
Predkambrijska podlaga se odraza v globljem viru
s prvim segmentom spektra moci. Strukturni in to-
pografski relief povrSine predkambrijske podlage,
lateralne razlike v susceptibilnosti podlage in nje-
ne notranje strukture, kot so prelomi in razpoke,
prispevajo k razlikam v sestavi podlage. Srednjo
debelino sedimentov predstavljajo D2 vredno-
sti, pridobljene iz spektralnih diagramov. Ocene
globin na podlagi te raziskave so realisti¢ne in v
skladu s predhodnimi ugotovitvami. Tektonsko ak-
tivna obmocja imajo bistven vpliv na toplotni tok.
Medtem ko je povprecni toplotni tok termi¢no nor-
malnih delov kontinentalne skorje nad 60 mW/m?,
vrednosti med 80 in 100 mW/m? predstavljajo
dobre geotermalne vire, Se vi$je vrednosti pa ano-
malne geotermalne pogoje.

Klju¢ne besede: 3-D Eulerjeva dekonvolucija, spek-
tralna inverzija, globina magnetne podlage, linearne
strukture, Nigerija
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Introduction

The Nigerian basement comprises the revital-
ized zone formed by plate collision between
the West African craton’s passive continental
margin and the active continental margin [1].
The basement rocks are thought to be the con-
sequence of at least four significant orogenic
deformation processes.

The primary goal of the aeromagnetic sur-
vey is to identify minerals or rocks with pe-
culiar magnetic characteristics that manifest
themselves by producing anomalies in the
strength of the earth’s magnetic field [2]. The
aeromagnetic survey is used to map abnormali-
ties in the earth’s magnetic field, which are con-
nected to the subsurface geological structure.
Faults are typically shown by magnetic anom-
alies as sudden shifts or close spacing in the
orientation of the outlines. The premise of an
aeromagnetic survey is similar to that of a mag-
netic survey conducted using a handheld mag-
netometer, but it enables far wider portions of
the earth’s surface to be covered swiftly for re-
gional reconnaissance [3]. As the aircraft flies,
the magnetometer registers slight variations
in the intensity of the ambient magnetic field,
which are due to both temporal impacts of the
constantly shifting solar radiation and the geo-
graphic layout in the earth’s magnetic field, the
latter due to both the regional magnetic field
and the local influence of magnetic minerals
within earth’s crust [4]. After removing solar
and regional impacts, the subsequent aeromag-
netic map depicts the global distribution and
relative abundance of magnetic elements in the
upper crust. Aeromagnetic methods may suc-
cessfully map hidden and poorly exposed faults
in a basin context. The magnetic basement is a
group of rocks that reside under sedimentary
basins and occasionally outcrop [5]. Linear fea-
tures on aeromagnetic maps are plainly visible
and often depict the form and position of par-
ticular folds, faults, joints, veins, lithologic con-
tacts, and other geologic structures that may
lead to the finding of specific mineral deposits
[6]. They typically depict the general geometry
of an area’s underlying structures, resulting in
aregional structural pattern. Certain lineament
patterns have been identified as the most ben-
eficial structural elements for mineral deposit
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management. The analysis of variations in a re-
gion’s Curie isotherm can provide useful infor-
mation about the regional temperature profile
at depth and the composition of surficial geo-
thermal energy [7]. A geothermal energy-rich
area is defined by an extremely large tem-
perature gradient and heat movement, based
on measurements. As a result, geothermically
active sites are expected to have shallow Curie
point depths [8]. It is also generally recognized
that the bulk of the geodynamic processes
visible on the surface are directly influenced
by the temperature within the earth [9]. Heat
flow measurements in various sections of the
African continent have indicated that the me-
chanical structure of the African lithosphere is
diverse in this regard [8]. Magnetic anomalies
are investigated in order to calculate the depths
to the bottoms of magnetized entities in the
crust.

Several geologic formations and stratigraph-
ic strata have been identified and recognized
as a result of research on the northern base-
ment complex. The current study has used
high-resolution aeromagnetic data to analyze
the structures that exist in the northern base-
ment complex. The goal of this research is to
employ various methods in the geological in-
terpretation of the section of the basement
complex from which data was collected and to
use the data to estimate the Curie point depth,
heat flow, and geothermal gradient of the re-
gion. The aim of this study is to interpret geo-
logical features of part of northern basement
complex and to infer its solid mineral potential
as well as its geothermal energy reserve.

Location and Geology of Study Area

The study area, which covers part of the
Northern basement complex, lies between
latitudes 9°00'N and 10°00'N and longitudes
7°30°E and 8°30°E (Figure 1). The study area is
enclosed within four (4) aeromagnetic maps of
the Geological Survey of Nigeria.

The area is well drained by streams and riv-
ers, the sources for most of which are found in
the surrounding hills. The drainage system in
the area generally flows either northwards or
westwards into the Kaduna and Gurara rivers,
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Figure 1: Geologic map of the study area.

which form part of the Niger basin, or south-
wards into the Mada River, which belongs to
the Benue basin. The Farman range of hills
forms the divide between the Gurara and Mada
drainages. The Mada is represented by the
Kogum River. The rivers and most of the small-
er streams are perennial.

The relief of the area comprises the lowland
and upland areas. The lowland is represent-
ed by the Kafanchan plain, which comprises
the towns of Kafanchan, Matsirga, Madakia,
Katsit, Garaje Kagoro, Tum, Fadan Daji, and
Zakwa [10]. These areas have ground surface
elevations above the mean sea level range of
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between 594 m and 777 m. Examples of granit-
ic rock are found in the Farman ranges, the
Zuturung hill, Yariye Mutumbu Hill, Gatum Hill,
and the Madauchi Hill [11]. The height of these
hills above mean sea level ranged between 762
m and 996.70 m.

The Nigerian basement complex evolution
took place over at least four orogenic cycles:
the Liberian (2800 + 200 Ma), the Eburnian
(200 £ 200 Ma), the Kibaran (1100 * 200 Ma),
and the Pan-African (600 + 150) Ma). The Pan-
African orogeny is the most significant orogeny
in Nigeria, its imprint being ubiquitous [12, 13].
The rocks in this zone (the Pan-African mobile
belt) have witnessed a period of remobilization
and reactivation that took place during the Pan-
African thermo-tectonic event some 600 Ma
ago. The study area’s regional metamorphism,
tectonism, and magmatism resulted in the for-
mation of cracks and faults, and the deploy-
ment of intrusive and dyke-like structures [14].

Methods

Data source
The aeromagnetic maps used for the study
were obtained from the Geological Survey of

Nigeria. Four digitized aeromagnetic maps
covering the study area were acquired, digi-
tized, and interpreted (Figures 2 and 3). This
map was part of the nationwide aeromagnetic
survey carried out by Fugro Airborne Surveys
in 2009 and was sponsored by the Geological
Survey Agency of Nigeria. The survey was car-
ried out at 500-m line spacing in NW-SE orien-
tation and 80-m mean nominal terrain clear-
ance flying altitude above the terrain was 500
feet (approximately 152 m) with 5-km control
line spacing in the NE-SW orientation. The sur-
vey also used measured horizontal gradients
and gradient-enhanced gridding. The regional
correction of the magnetic data was based
on the International Geomagnetic Reference
Field (IGRF, Epoch date 1 January 1974). In
order to obtain the actual total field magnetic
data, 32,000 gammas should be added to the
contour values. Out of this, 25,000 gammas
represent the regional field while 7000 gam-
mas are arbitrarily removed from the contour
values.

Aeromagnetic data analysis

Numerous analytical techniques and pro-
cedures are used to examine aeromagnetic
data. Among them are aeromagnetic data
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Figure 2: Aeromagnetic field over the study area as a color-shaded, contoured map.
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Figure 4: 3-D surface map of the total magnetic field of the study area in gammas.

filtering and convolution, reduction to pole,
regional-residual separation, and depth esti-
mate analysis (Figure 4). These tactics are
thoroughly examined for improved clarity. The

major purpose of aeromagnetic data process-
ing is to systematically differentiate between
local and regional magnetic anomalies and to
ameliorate these anomalies.
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Aeromagnetic filters
Because not every signal in geophysical
research is of interest, filtration methods are
always required. Short-wavelength disturbance
is often produced by near-surface or shallow,
anomalous sources.

A low-pass filter is just a band-pass filter
with a very big long-wavelength cutoff. A low-
pass filter is called linear because it treats all
data identically. When attempting to eliminate
short-wavelength but high-amplitude charac-
teristics, this might be an issue because rela-
tively powerful filters may be necessary. Such
filters have the potential to impact areas of the
data that you did not plan to affect. A nonlinear
filter, such as NLFILT, is another option.

A high-pass filter sharpens incoming data by
using a convolution filter. This filter is referred
to as a ‘high-pass’ filter because it enables
high wave numbers (high frequencies) to pass
through to the output channel. Longer-than-
the-long wavelength cutoff features in the data
will be deleted. Fraser’s 1966 approach is used
to create the convolution filter. The filter length
can be supplied or computed by default. The de-
fault length will be established by subtracting
the length of the longest wavelength. A band-
pass filter is called linear because it treats all
data equally. When attempting to eliminate
short-wavelength but high-amplitude charac-
teristics, this might be an issue because rela-
tively powerful filters may be necessary. Such
filters have the potential to impact areas of the
data that you did not plan to affect. A nonlinear
filter, such as NLFILT, is another option.

Nonlinear filters are extremely effective in
removing high amplitude and short wavelength
noise from data. A nonlinear filter can be fol-
lowed by a linear low-pass filter to smooth out
any low-amplitude noise that may remain. The
decision process is based on the breadth and
amplitude of characteristics in the data com-
pared to a local backdrop. A feature must be
smaller than a set width and have a bigger am-
plitude than a specified amplitude tolerance to
be deemed noise.

Reduction to the pole and equator

The reduction to the pole (RTP) conversion
compensates for the adjustment caused by the
vector essence of the Earth’s magnetic field in
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between locations of anomalies (closed highs
or lows on a contour map) and their causes.
Although the symmetric ‘highs’ are directly
centered on the body, the highest gradient of
the antisymmetric dipolar anomalies com-
pletely matches with the body edges.

The amplitude portion of reduction to the
equator is the sin(I) term, and the phase as-
pectis the I cos(I) cos(D-q). North-south char-
acteristics can blow up while lowering to the
equator from low latitudes due to a quanti-
tative error (from the term of 0/0) in ampli-
tude correction (the sin(I) component) that
is applied when (D-) is /2. (i.e., a magnetic
east-west wavenumber). This complexity can
be reduced or eliminated by choosing a larg-
er latitude solely for amplitude correction,
at the cost of substantially under-correcting
the amplitudes of adjoining north-south fea-
tures. Once the field has been decreased to
the equator, the regional magnetic field will be
horizontal, as will the majority of the source
magnetizations.

Curie point depth, geothermal gradient, and
heat flow

The Curie point depth is the depth at which the
presence of magnetic mineral in the crust shifts
from a ferromagnetic to a paramagnetic state,
and its capacity to induce recognizable mag-
netic anomalies reduces as the temperature
increases. It is also described as the moment
at which some materials lose their permanent
magnetic characteristics, allowing induced
magnetism to take their place. Organized mag-
netic moments undergo ferromagnetic trans-
formation and become chaotic paramagnetic
[15]. The Curie point depth is calculated from
aeromagnetic data as the basal depth of a mag-
netic source.

The upper limit and centroid of a magnetic
layer are calculated using the slope of the pow-
er spectrum. The magnetic source’s base depth
is:

Z=27,-7, (1)
where Z, is the centroid of the magnetic layer
and Z, is the top bound.

Heat flow estimations on the crust may
thus be calculated using depth and thickness

Ifeanyi et al.



data. The Curie point temperature at which
rocks lose their ferromagnetic characteris-
tics bridges the gap between thermal mod-
els and models based on magnetic source
analyses [16].

Fourier’s law is the fundamental relation-
ship for conductive heat transmission. Under
the premise that the temperature fluctuation
is vertical and the temperature gradient %
is constant in one dimension, Fourier’s law as-
sumes the following form:

oT

q =—k5 (2)

where, q is heat flow and k is thermal

conductivity.
Curie temperature ° can also be expressed
as:
oT
at7 Q

where, d is the Curie-point depth (as obtained
from the spectral magnetic analysis).

The surface temperature is 0°C, and ST will
remain static if no heating systems or heat
sinks exist between the earth’s crust and the
Curie-point depth. Magnetic mineralogy influ-
ences the Curie temperature.

Depth estimation by 3D Euler deconvolution
The standard 3D Euler method relies on Euler’s
homogeneity equation, which pertains to the
potential field (magnetic or gravitational) and
its gradient elements to the position of the
causes via the extent of homogeneity N, which
can be assumed to be a structural index. In addi-
tion to depth estimates, the method employs
a structural index. On conventional maps, the
Euler method observations are represented as
point solutions that include the location (posi-
tion of solution) and the depth (color range).
The located Euler 3D technique, which, un-
like the standard Euler method, examines and
restricts grid positions prior to actually com-
puting depth estimations using Euler decon-
volution, is another alternative for restricting
the solutions discovered by the Euler meth-
od. The located Euler technique calculates the
analytic signal (3p) and locates peaks in the
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grid of analytic signals. The standard depth
assessment centered on Euler deconvolution
is then implemented only to these peak spots.
Nevertheless, since it generates far fewer solu-
tions than the standard Euler method, it is only
appropriate for overwhelmingly clear anoma-
lies and does not form solution clusters.

ASig = \/(dx.dx) + (dy.dy) + (dz.dZ) (4)

Results and Discussions

Total magnetic intensity map

Magnetic anomalies of both short and long
wavelengths were interpreted within the study
area. The total magnetic field intensity map
produced by digitization is displayed as both
a total field intensity map and a three-dimen-
sional map.

The total magnetic intensity after digiti-
zation ranged from 7940.2 nT to 8087.1 nT,
indicating a magnetic signature. The north-
ern part of the study area is dominated by
magnetic lows, indicating that the area has
low magnetic concentration and thus lower
susceptibility. Magnetic highs can be found in
the study area’s south-eastern corner. The ex-
istence of granitic rocks that intruded through
both the crystalline basement and metasedi-
ment belts might explain the magnetic high
of magnitude 8087.1 nT. When likened to the
geological map of the study area, the total
magnetic map in gamma has closures in the
northeastern part of the area that conforms
with the granite porphyry. These closures are
lineament expressions.

The wireframe map of the total magnetic
field of the study area has a lot of undulation
with a lot of highs, which is an indicator of a
magnetic high, as shown in the 3-D surface map
of the total magnetic field of the study area in
gammas. The magnetic highs are represented
by the colors seen in the undulation. This in-
dicates that there is a higher concentration of
magnetically susceptible minerals.

The 3D aeromagnetic plot indicates that
there is an undulating topography and are areas
of magnetic low, relatively speaking. The 3-D
relief map revealed two distinctive features:

Solid Mineral Potential and Geothermal Energy Reserve of Northern Basement Complex, Nigeria



92

areas of low relief (plains) and areas of high
relief. The high-relief area is also believed to
be more tectonically active than the low-relief
area and as such contains mineral deposits.

Digital filtering

A high-pass filter sharpens the input data
through the application of a convolution fil-
ter. A high-pass filter emphasizes short wave-
lengths and eliminates wavelengths larger than
the cut-off wavelength. Figure 5a clearly shows
clusters of positive and negative anomalies.
These anomalies are found to be distributed
with varying trends. The prominent anomalies
in the southeastern part of the study area and
the other anomalies were retained.

The low-pass filter is defined as a filter that
passes long wavelengths and rejects all wave-
lengths smaller than the cut-off wavelength.
The low-pass filtering process is used to isolate
the regional features from the local ones. The
anomaly map with a low-pass magnetic filter
(Figure 5b) shows that the well-defined trends
of anomalies in the aeromagnetic map still per-
sist. A band-pass filter changes channel data
such that features longer than the long-wave-
length cutoff and shorter than the short-wave-
length cutoff will be removed. A band-pass filter
is considered linear because all data is treated
by the filter equally (Figure 5c).

Nonlinear filters are very good for remov-
ing high amplitude and short wavelength

l(b)

il

Figure 5: (a) High-pass filter, (b)low-pass filter, (c) band-pass filter, (d) non-linear filter map of the total magnetic field intensity of

the study area.
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noise from data. A nonlinear filter can be fol-
lowed by a linear low-pass filter to smooth
out any low-amplitude noise that may remain
(Figure 5d).

Regional-residual separation

The regional gradients in the aeromagnetic
data were removed using multi-regression
least squares analysis to fit a plane surface
to the data. The residual anomaly values are
obtained by subtracting the regional field val-
ues from the observed data.

The residual magnetic intensity of the study
ranges from -83.7 gammas to 70.2 gammas,
as shown in Figures 6a-d. The study area is
characterized by negative residual anomalies
surrounded by positive residual anoma-
lies, as shown by the figures. These negative

(2)
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anomalies, surrounded by an elongated posi-
tive anomaly, reflect a significant magnetiza-
tion zone surrounded by a lower magnetization
zone. The residual anomalies in Kafanchan and
Jema’a are primarily positive, according to the
first, second, third, and fourth residuals.

The negative residual anomalies corre-
spond to a low magnetization zone, whereas
the positive residual anomalies correspond
to a high magnetization zone. Such nega-
tive anomalies, surrounded by an elongat-
ed positive anomaly, reflect a significant
magnetization zone surrounded by a lower
magnetization zone. Even so, the occurrence
of the elongated positive anomaly in the study
area might be credited to magmatic activity,
which led to a high concentration of magnet-
ic minerals in the majority of near-surface
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Figure 6: (a) First-degree residual, (b) second-degree residual, (c) third-degree residual, (d) fourth-degree residual field over the study

area as a color-shaded contour map.
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rocks. It should be noted that a strong mag-
netic anomaly in the vicinity of the study area
might be influenced by mafic rocks.

The regional fields establish the major tec-
tonic elements of a deeper and regional extent
that affect and control the structural frame-
work of the study area. First- to fourth-degree
regional anomalies of the aeromagnetic data
reveal a dominant regional trend of NE-SW
trends and some E-W trends.

The structural trends suggested by the poly-
nomial surfaces have trend directions of NE-
SW, E-W, and NW-SE. The NE-SW trend is the
dominant orientation in the study area, and it
depicts the Pan-African orogeny. The fact that
the structural trend is still dominant shows
that there is little tectonic activity going on in
the area. This agrees with the geologic litera-
ture that indicates the rocks in this zone (the
Pan-African mobile belt) have witnessed a peri-
od of remobilization and reactivation that took
place during the Pan-African thermo-tectonic
event.

Equator reduction

In low magnetic latitudes, reduction to the
equator is being used to focus the peaks of
magnetic anomalies over their sources. This
could improve the data’s interpretability while
preserving its geophysical relevance. The incli-
nation and declination of the Earth’s main mag-
netic field determine the shape of any anomaly.
The same magnetic body will produce a differ-
ent anomaly depending on where the anomaly
occurs. The reduction to equator filter recon-
structs the magnetic field of a data set as if it
were at the equator.

The study area is located at a low latitude.
At lower altitudes, a distinct amplitude ad-
justment is normally needed to avoid the
north-south signal in the data from con-
trolling the results. This explains why the
trend orientation remains the same. It shows
the most of the basement rocks have large
remnant magnetizations similar to the pres-
ent-day orientation.

The TMI data was reduced to the equator
by assuming an inclination of I = -0.47° and
a declination of D = -6.78° according to IGRF
(International Geomagnetic Reference Field).

RMZ - M&G | 2022 | Vol.6912] | pp.85-104

To reduce the field to the equator, the Geosoft
package software V.6.3 has been used (trans-
formation done in the Fourier domain). These
algorithmic transformations correlate to space
domain convolutions of the initial signal with
a specific operator. Analyses have usually been
done in the Fourier domain, for which convo-
lution was replaced by simple multiplication.
The magnetic field and magnetization would be
horizontal, as with the majority of magnetized
sources.

The RTE map (Figure 7) depicts various
zones based on magnetic intensity variations
that may be associated to structural variation
zones based on geologic investigations. The
study area’s southeastern corner has the larg-
est magnetic intensity values.

Horizontal and vertical gradient

A horizontal gradient map can be used to
define the contacts between basement lithol-
ogies, which can represent individual base-
ment blocks, faults and fault boundaries, and
other linear features. However, keep in mind
that the horizontal gradient method requires
many assumptions, and that violations of these
assumptions can result in contact displacement
away from their true locations.

When compared to the TMI and RTE-TMI
maps, the horizontal gradient method provides
contact locations that are continuous, thin, and
straight (Figure 8). The HGM map reveals sig-
nificant anomalies in the ENE-SWS and NE-SW
directions. The range of anomalies is -5446.9
gammas to 5460.9 gammas. The anomalies are
associated with a geological contact zone with
a significant magnetic susceptibility differ-
ence. The maxima of the HGM map are shown
to highlight the contacts direction shown on
the HGM map. This map reveals structural
complexities, such as faults in the basement.
As a result, the horizontal gradient method is
used to locate physical property (magnetiza-
tion) boundaries.

Derivatives do have influence in sharpening
anomaly edges and improving simplistic fea-
tures. To improve magnetic anomalies affiliated
with faults and other structural discontinuities,
the first vertical derivative of the residual map
is used. The TMI map has been sharpened in

Ifeanyi et al.
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Figure 9: Lineament map of study area.

Figure 9. Concealed features such as fractures
and dykes dominated. The geological contacts
thatare important for the structural framework
of the study area are highlighted. Fractures and
faults, and the formation of intrusive and dyke-
like structures, are the effect of regional meta-
morphism, tectonism, and magmatism in the
research region.

The lithologic limits between the various
formations, primarily basement, were revealed
by the zero contours of the second vertical de-
rivatives. The dispersion of mafic and felsic
rock-forming minerals was found to be linked

RMZ - M&G | 2022 | Vol.69[2] | pp.85-104

to positive and negative second vertical deriva-
tive anomalies in the research region.

Spectral depth estimation

SPECTRDEP, a FORTRAN program, was used to
perform spectral analysis on the aeromagnetic
data. To evaluate the depths of the anomalies
to their magnetic sources, the study area was
divided into 16 intersecting segments.

Using the power spectrum of the total inten-
sity field, the spectral analysis plot calculates
the average depth to buried magnetic rocks. In
the spectral analysis, a two-layer (D1 and D2)

Ifeanyi et al.
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Figure 10: (a) D1 values (shallow magnetic basement depths) and (b) D2 (basement depths across the study area).

depth model is proposed. (Figure 10a and 10b).  of a group of magnetized blocks with varying
These depths have been calculated using the depth, width, thickness, and magnetization.

slope of the log-power spectrum at the lower The estimated depths to magnetic base-
end of the total wave number or spatial fre- ment are shown as D1 and D2, respectively
quency band. The method estimates the depth  (Table 2). The depth to the shallower source
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represented by the second segment of the spec-
trum is represented by the first-layer depth
(D1). The depth of this layer (D1) ranges from
0.135 km to 0.201 km, with an average depth of

Table 1: Computed spectral depths.

Portions Depth 1 (m) Depth 2 (m)
1 136.34 1659.50
2 200.53 1618.28
3 135.85 1585.18
4 136.15 2021.74
5 136.37 1615.90
6 136.36 1864.81
7 136.41 1933.89
8 136.39 1770.43
9 136.36 1655.05
10 136.34 1657.43
11 136.30 1810.54
12 135.98 1784.44
13 136.42 1850.81
14 138.17 1999.46
15 135.50 1756.11
16 135.61 1871.02

Table 2: Computed spectral depths in km according to sheets.

0.140 km. The depth of the second layer (D2)
varies between 1.655 km and 2.021 km, with
an average depth of 1.882 km. Magnetic rocks
that have intruded onto the basement surface
may be responsible for this layer. As a result,
the D2 values obtained from the spectral plots
represent the average depths to the basement
complex (sedimentary thickness) in the blocks
under consideration.

Curie point depth, geothermal gradient, and
heat flow

From Table 3 below, we observed that the Z,
centroid of the magnetic source ranges from
12.120 to 15.426 and the depth to the top
boundary Z ranges from 1.585 to 2.022. The
basal depth (Z,) of the magnetic source was cal-
culated. The obtained basal depth (Z,) of mag-
netic sources is assumed to be the Curie point
depth. The obtained Curie point depth, which
ranges from 22.306 to 29.234, reflects the
average local curie depth point values beneath
each block. The obtained Curie point was also
used to construct curie isotherm as well as the
3-D Curie point depth in the study area. The
shallow depth to bottom of magnetic sources
indicates a concentration of major geologic

Sheets Spectra L Longitude Latitude Depth (km)
Block X, X, Y, Y, D, D,
13 7.50 7.75 9.75 10.00 0.136 1.851
14 7.75 8.00 9.75 10.00 0.138 1.999
Kachia 9 7.50 7.75 9.50 9.75 0.136 1.655
10 7.75 8.00 9.50 9.75 0.136 1.657
15 8.00 8.25 9.75 10.00 0.136 1.756
Kafanchan 16 8.25 8.50 9.75 10.00 0.135 1.871
11 8.00 8.25 9.50 9.75 0.136 1.810
12 8.25 8.50 9.50 9.75 0.135 1.784
5 7.50 7.75 9.25 9.50 0.136 1.616
Gitata 6 7.75 8.00 9.25 9.50 0.136 1.864
1 7.50 7.75 9.00 9.25 0.136 1.660
2 7.75 8.00 9.00 9.25 0.201 1.618
7 8.00 8.25 9.25 9.50 0.136 1.934
Jema’a 8 8.25 8.50 9.25 9.50 0.136 1.770
3 8.00 8.25 9.00 9.25 0.136 1.585
4 8.25 8.50 9.00 9.25 0.136 2.021

RMZ - M&G | 2022 | Vol.6912] | pp.85-104
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Table 3: Computed spectral depth, Curie temperature and heat flow.
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Longitude Latitude CPD Geothermal HeatFlow
(km) Gradient (mWm?)
(°Ckm™)
SPECTRAL X, X, Y, Y, Z, Z, Z, dT/dZ q
LINES
1 7.50 7.75 9.00 9.25 1.660 14.354 27.048 21.44336  53.6084
2 7.75 8.00 9.00 9.25 1.618 15.426 29.234 14 49.5997
3 8.00 8.25 9.00 9.25 1.585 14.286 26.987 21.49183  53.7296
4 8.25 8.50 9.00 9.25 2.022 12950 23.878 24.2901 60.7253
5 7.50 7.75 9.25 9.50 1.616 13.980 26.344 22.01639  55.0409
6 7.75 8.00 9.25 9.50 1.865 12.620 23.375 24.81283  62.0321
7 8.00 8.25 9.25 9.50 1.934 12.120 22.306 26.00197  65.0049
8 8.25 8.50 9.25 9.50 1.770 12340 2291 25.31646  63.2912
9 7.50 7.75 9.50 9.75 1.655 12.734 23.813 24.35644  60.8911
10 7.75 8.00 9.50 9.75 1.657 14320 26.983 21.49501  53.7375
11 8.00 8.25 9.50 9.75 1.811 14.240 26.669 21.74809  54.3702
12 8.25 8.50 9.50 9.75 1.784 13.980 26.176 22.15770  55.3943
13 7.50 7.75 9.75 10.00 1.851 13.410 24.969 23.22880  58.072
14 7.75 8.00 9.75 10.00 1.9996 13.510 25.0204 23.18108 57.9527
15 8.00 8.25 9.75 10.00 1756 13.720 25.684 22.58215  56.4553
16 8.25 8.50 9.75 10.00 1.871 13.340 24.809 23.37861  58.4465

Figure 11: Plot of the geothermal gradient of the study area.
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Figure 12: Plot of the heat flow.

lineaments (faults and fractures) is noticed
in these regions and this is a result magnetic
intrusion at depths.

An empirical relation, which is a
one-dimensional heat-conductive transport
model, is used to estimate heat flow and geo-
thermal gradient. The model is based on
Fourier’s law. In a one-dimensional case under
assumptions, the direction of temperature vari-
ation is vertical, and the temperature gradient
is assumed to be constant. Using a Curie point
temperature of 580 °C [9], the geothermal gra-
dient was calculated, and it ranges from 19.839
to 26.002 °Ckm™ with an average geothermal
gradient of 22.959 °Ckm™ (Figure 11).

The heat flow in the study area ranges from
49.608 to 65.005 mW/m? The average heat
flow obtained in the study area is 57.397 mW/
m? (Figure 12). This may be considered as typ-
ical of continental crust. And this is also con-
sistent with the values of Curie point depth
noted in this area. The areas with a high heat
flow correspond to areas where we have anom-
alies. This depicts magnetic anomalies or ar-
eas where the crust is thin due to magmatic

RMZ - M&G | 2022 | Vol.69[2] | pp.85-104

activities that took place during the tertiary
period. The quantitative change in Curie depth
observed in the study area implies that the heat
flow in the study area is not uniform.

Measurements have shown that a region
with significant geothermal energy is char-
acterized by an anomalous high temperature
gradient and heat flow. It is expected that geo-
thermically active areas will be associated with
shallow Curie points.

3D Euler deconvolution depth estimation

Figure 13a - d show the depth estimate solu-
tions as colored point solutions. Four geolog-
ical models’ standard Euler solutions are pre-
sented. The figure shows the depth estimates
for structural indexes of 0.0, 1.0, 2.0, and 3.0.
The Euler solutions used for the plots were
calculated using a variety of geologic models
defined by contacts, dike and sill structures,
pipes, and spheres. As a consequence, struc-
tural indices with values ranging from 0 to 3
were used. Whereas solutions for the stan-
dard Euler deconvolution were acquired using
diverse structural indices, all of the solutions

Ifeanyi et al.
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Figure 13: 3D Euler deconvolution depth solutions of the study area: (a) structural index = 0, (b) structural index = 1, (c) structural

index = 2, (d) structural index = 3.

are similar. As a result, Euler I values of 2.0 and
3.0 were considered too high to be expressly
interrelated with recognized source bodies in
the study region, and the correlating solutions
were discarded.

When these depth estimates are compared
to the information obtained from the spectral
analysis, the results from both depth estima-
tion methods show a positive correlation.

Conclusion

Ther magnetic basement is a group of rocks
that underpin sedimentary basins and may

occasionally outcrop. Onyedim et al. [17]
believe that if magnetic units occur at the
basement surface, then depth determinations
for these will accurately map the basin floor
morphology and structure. Nigeria has a com-
plex network of fractures and lineaments with
dominant NE-SW, NW-SE, and N-S axes [18]. A
single-digitized total magnetic field map of the
study area was created using the aeromagnetic
analysis. The map has made the geology and
basement topography of the study area clearer.

The study area has an average heat flow of
57.397 mW/m?, which is less than 60 mW/
m?, but in the southwest region, heat flow in-
creases significantly and can be termed as a
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good geothermal source and as such should be
investigated through further work to ascertain
the cause of the anomaly. The knowledge of the
depth to Curie point and its heat flow are of in-
terest and can be related to the thermal history
of an area. This study illustrates that surface
magnetic data can be used to produce Curie
depth estimates even for regions with a paucity
of heat flow and geothermal gradient data. On
the basis of this result, we then conclude that,
the most plausible mechanism responsible for
the moderate heat flow observed in this study
is tectonically induced rifting and magmatism
that occurred during the cretaceous, tertiary
period and Pan-African orogeny.

The result of the Euler deconvolution sug-
gests that there could be a presence of geologic
structures such as dykes and sills in the area.
This is substantiated by the many clusters in
the Euler deconvolution map. This suggests the
possibility of deep-seated intrusive rocks in the
area.

A region with significant geothermal energy
has an anomalous high temperature gradient
and heat flow. It is expected that geothermi-
cally active areas will be associated with shal-
low active points. Geothermal energy can also
be found in areas where basement rocks with
reasonably mild heat flow are surrounded by a
thick layer of thermally insulated sediments. As
there is no indication of volcanic activity in the
study region, it can be deduced that geothermal
prospect areas in this study could be areas in
which a thick blanket of thermally insulated
sediment covers basement rocks; thus, these
areas with high heat flow might be geothermal
sources and reservoirs and will aid in defining
the presence of productive geothermal reser-
voirs at desirable temperatures and depths in
the study region. The pattern of the Curie point
depths is useful as an index of geothermal
structure.
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Abstract

Geophysical investigations involving very low frequen-
cy electromagnetic (VLF-EM) and vertical electrical
sounding (VES) techniques were deployed to study the
pavement failure along a major road in a typical base-
ment complex terrain of southwestern Nigeria. This
study was designed to assess the failure and provide
a basis for ultimate engineering design. The study de-
lineated a 3- to 4-layer geoelectric sequence: a topsoil
of thickness varying from 0.4 to 1.2 m, a spectrum of
clayey materials of thickness varying from 1.9 to 14.5
m and a weathered/fractured basement occurring at
depths of between 3.6 and 15.0 m. The shallow base-
ment indicated low bearing capacity, with resistivity
values ranging from 62.1 to 377.9 Qm. The presence of
clay/clayey materials, linear features and the effect of
rising water table within the influence zone underlined
the pavement failure. This information will facilitate
appropriate designing, soil improvements and selec-
tion of materials for road construction that can stand
the test of time.

Keywords: basement, fractures, pavement failure,
stability, subsoil characterization

Povzetek

Za dolocitev vzroka poskodb cestis¢a na magmat-
sko-metamorfni podlagi jugozahodne Nigerije smo
uporabili zelo nizkofrekvenc¢no elektromagnetno
metodo (VLF-EM) in vertikalno elektri¢no sondira-
nje (VES). Namen raziskave je bila ocena poskodb ce-
stisca in pridobitev podatkov za ustreznejso izvedbo
cestiSca, ki bo dolgoro¢no obstojno. Z omenjenima
metodama smo lo¢ili tri do $tiri plastno geoelektric-
no zaporedje. Zgornji horizont tal je debel 0,4 do 1,2
m, sledi nabor zaglinjenih tal debeline 1,9 do 14,5 m
ter preperela/razpokana podlaga na globini 3,6 do
15,0 m. Plitva podlaga kaZe nizko nosilnost z upor-
nostjo med 62,1 in 377,9 Qm. Poskodbe cestisca lah-
ko pripiSemo prisotnosti gline/glinenih mineralov,
linearnim strukturam in nihanju gladine podzemne
vode. Ti podatki bodo pripomogli k primernemu
nacrtovanju, izboljSanju lastnosti tal in primerno iz-
biro materialov za izdelavo cestis¢a, ki bo obstojno
dlje ¢asa.

Klju¢nebesede: podlaga, razpoke, porusitev cestisca,
stabilnost, karakterizacija podpovrsja
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Introduction

The incessant pavement failure along the Ado-
Ikere road, a trunk “A” road in Southwestern
Nigeria, has been a major concern to road users
and relevant stakeholders. Reconstruction and
rehabilitation works have not produced desired
utility as the road slipped into failure shortly
afterwards [1]. The huge financial and human
resources committed to road construction
demand that pavements do not fail soon after
commissioning. It is however observed that
several segments of our highways fail perpet-
ually and are objects of rehabilitation with an
accompanying colossal financial burden [2, 3].
Road failures have been attributed to poor
visco-elastic properties of asphalt binder
[4], inadequacies in pavement structural de-
sign [5] and poor sub-grade soil properties
[6]. Adeyemo & Omosuyi, Akintorinwe et al.,
Layede et al. [7-9] and similar works hinged
most problems of road failure on inadequate
knowledge of the subsurface and associated
geologic features governing the competency of
the subsoil materials which bear the pavement.
The Ado-Ikere road is underlain by the base-
ment complex terrain of southwestern Nigeria.
Basically, the rocks weather to produce residu-
al soils of varying geotechnical properties. The
heterogeneous nature of the subsurface de-
mands investigation in considerable detail [9,
10]. Adequate knowledge of the subsoil has be-
come imperative for design and construction of
civil engineering structures to mitigate failure.
The need for geophysical characteriza-
tion of the subsurface and appraisal of the
nature and integrity of the subsoil support-
ing pavement structure has been recognized.
Geophysical studies provide a relatively rapid
and cost-effective means of deriving aerially
distributed information on subsurface geolo-
gy. The methods offer characteristic bedrock
delineation, lithological boundary differenti-
ation and determination of structural trends.
Geophysical methods are capable of detecting
and delineating local features of potential in-
terest that couldn’t have been discovered by
any realistic drilling programme [11, 12].
Road failures are associated with losses
in terms of capital, labour and human mis-
ery. Often, road accidents are traceable to the
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deplorable conditions of roads, many a time re-
sulting in severe injuries and loss of lives. The
Ado-Ikere road often slips into failure not long
after rehabilitation works. The road has been
decimated by recurrent pavement failures.

The Ado-Ikere road is the main link between
Akure and Ado-EXkiti, capital towns of Ondo and
Ekiti States, Nigeria, respectively (Figure 1).
The area lies in the tropical rain forest with
mean annual rainfall of about 1300 mm and
annual mean temperature of between 18 °C
and 33 °C. The study area is underlain by the
Precambrian basement complex of southwest-
ern Nigeria (Figure 2).

The coarse-grained charnockitic rocks oc-
cupy the central portion of the study area. The
coarse-grained type is the most prominent and
is found in association with coarse-grained por-
phyritic granites. The fine-grained type occurs
between the coarse-grained and gneissic fine-
grained charnockitic rocks. The quartzite oc-
curs as elongated bodies within the charnockit-
ic, granitic, gneissic and migmatitic rocks. They
are prominent as narrow ridges. The associated
rock units include coarse-grained biotite and
biotite hornblende granite and coarse-grained
charnockitic rocks [1, 13, 14].

The thrust of this paper is to assess the pave-
ment failure along the Ado-lkere road using
non-invasive VLF-EM and VES geophysical sur-
veying. This information will provide a basis for
ultimate engineering design and forestall the
recurrent pavement failures.

Materials and methods

Very low frequency electromagnetic (VLF-EM)
and vertical electrical sounding (VES) tech-
niques were employed for the study. The the-
ory and principles of the methods abound in
the literature [12, 15, 16]. The methods being
non-invasive enabled in-situ measurements
and ensured preservation of the subsoil in
its natural state. This combination has been
widely used in engineering site investigations,
given the existing good correlation of attributes
such as electrical properties, geological compo-
sition and fluid content [7, 9, 17].

VLF-EM is an effective tool in mapping con-
ductive materials and geologic structures in the

Oyedele et al.
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subsurface. The method detects electrical con-  gives recognizable signatures over conductive
ductors, such as moderate to steeply dipping bodies [15, 16]. The VES technique provides
water-filled fractures or faults, by utilizingradio ~ 1-D layering information in terms of resistiv-
signals in the 15 to 30 kHz range. The method ity variation with depth in site investigation.
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The electrical resistivity method is well suited
for structural mapping and lithology differenti-
ation [17, 18].

The VLF-EM data were acquired along a
profile parallel to the road, covering a distance
of 1710 m at a 10 m station interval. ABEM
WADI electromagnetic receiver unit synchro-
nized with the radio signal from the GBR sta-
tion located in Rugby (England) operating at
a frequency of 18.8 kHz was used for the sur-
vey. The equipment measured the raw real/in-
phase and imaginary/quadrature components
of the vertical to horizontal magnetic field ra-
tio on the field. An in-built filtering program
provided by the equipment and a software
package KHFfilt Version 1.0 enabled the con-
version of the raw real data into filtered real
data in which anomaly inflections appear as
peak positive anomalies and false VLF anomaly
inflections as negative anomalies of the profile.
VLF-EM 2D Inversion model was prepared fol-
lowing the application of Fraser Filtering and
Karous-Hjelt Filtering [19]. The VLF-EM map-
ping was particularly deployed to isolate sub-
soil conductive zones and linear structures of
geological importance.

Subsequently, 12 VES stations were occu-
pied along the profile. Measurements of ground
resistance were made with a unit of Resistivity
Meter. Schlumberger configuration with the
half-current electrode separations ranging
from 1 to 100 m was adopted for the survey.

The current electrodes were moved more often
during measurements until the measurable sig-
nal became very small. The potential electrodes
were then expanded symmetrically around the
point of investigation. The terrameter gave the
apparent resistivity values digitally as com-
puted fundamentally from Ohm'’s law. The VES
data were plotted as depth sounding curves
and interpreted qualitatively and quantita-
tively. The quantitative interpretation entailed
partial curve matching and computer iteration
technique with the aid of RESIST computer
software. The subsurface 2D geoelectric sec-
tions were generated using the resulting layer
resistivities and thicknesses [8, 9].

Results and discussion

The VLF-EM profile

The VLF-EM measurements and the filtered
graphs are presented in Figures 3-6. The
in-phase profile shows positive peaks of dif-
ferent intensities, suggesting the presence of
shallow and deep conductors [16, 17]. The 2D
inversion model shows the variation of equiv-
alent current density and change in conduc-
tivity with depth. It discriminates between
conductive and resistive structures. Higher
values of relative current density are indic-
ative of conductive subsurface structures
with varying low values of resistivity while

A i A

VLF mcasurcment
VLF Modelling Ikere Ado Road

i i A A

Response

40 -
Real ¢ P nt
so T v v v v v v v v
o 200 400 600 800 1000 1200 1400 1600
Distance (m)
Figure 3: VLF-EM measurement of the study area.
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Figure 5: VLF-EM data (raw real and filtered real) of the study area.

lower values correspond to zones of low con-
ductivity characterized by higher values of
resistivity.

The 2D pseudosection indicates stable,
partly failed, unstable and very unstable por-
tions along the profile (Figure 6). The highly
conductive zones, delineated as very unstable
portions (distances of 150-260 m, 990-1200
m and 1600-1710 m) are underlain by con-
ductive subsurface structures. These include
linear geological structures (trending in differ-
ent directions) which are indicative of major
subsurface fractured/faulted zones with vary-
ing degrees of saturation and other conductive
zones with lower positive amplitude suggest-
ing the presence of clayey soil materials and/
or fractures at varying depths. Partly unstable
zones (distances of 0-100 m and 260-820 m)
are characterized by moderately low conduc-
tivity values.

Distances of 100-150 m and 1200-1260 m
correspond to the stable zones and are com-
posed of highly resistive materials. These por-
tions are characterized by lower values of rela-
tive current density. The stable segments of the
road are generally devoid of geological features
[7,9,18].

Geoelectric sequence and characteristics
A summary of the VES interpretation results is
presented in Table 1. The curve types are H, A,
Q, KQ, KH and QH; these are curves with occur-
rence of 33%, 17%, 8%, 8%, 17% and 17%
respectively. They reflect the degree of weath-
ering, fracturing and geoelectric complexity in
the study area [8, 13, 14]. Figure 7 shows typi-
cal resistivity type curves in the study area.
The H-type curve predominates the area of
study. A stratigraphic sequence comprising the
topsoil whose composition is variable alluvium,

Integration of VLF-EM and VES data for pavement failure investigation in a typical basement complex terrain of southwestern Nigeria
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Figure 6: VLF-EM 2D Inversion model of the study area.

sand, lateritic clay or clay followed by clay/
sandy clay and the bedrock corresponds to the
H-type curve. The bedrock could be weathered
or possibly fractured basement. The intermedi-
ate layer is characterized by low resistivity. It is
commonly water-saturated. The A-type curve
presents subsurface conditions in which there
is a persistent increase in the layer resistivity
values from the topsoil to the basement rock
(p, < p, < p,). It suggests increasing subsoil
strength and integrity [3, 9, 11].

The underlying geoelectrical units in QH-
type curves consist of clay and clayey sand/
sand, respectively. The clayey sand and the
weathered/fractured basement may jeopar-
dize the stability of the pavement with varying
degree of saturation. The KH-type curve has a
succession of sand/sandy clay topsoil, lateritic
clay, weathered basement and the fresh bed-
rock. The third layer is essentially clayey [7, 8].

RMZ - M&G | 2022 | Vol.69[2] | pp. 105-118

The geoelectric sections

The 2D geoelectric sections, Figures 8-10,
reveal the subsurface geology and structural
disposition of the study area. Figure 8 shows
the 2D section beneath VES 1 to 4 (segment I).
The first layer constitutes the topsoil with layer
resistivity values ranging from 57.4 to 288.4
Qm indicating materials of varying clay con-
tents. The thin layer has an average thickness of
0.65 m except at VES 3 where composite clayey
material with resistivity of 57.4 Qm extends to
a thickness of up to 6 m. This suggests lateral
inhomogeneity and varying level of compe-
tence/stability [2, 8].

The topsoil is underlaid by a clayey hori-
zon of resistivity values ranging from 36.2 to
119.3 Qm. The clayey substratum of about 14
m thickness delineated at VES 1 is inimical to
the stability of the pavement as it is subject
to flowing under traction. A clay fraction in a

Oyedele et al.



Table 1. The layer parameters and geoelectric characteristics.

VES No. Layer resistivity (m) Layer thickness (m) Depth (m) Curve types Lithology
1 288.4 0.5 0.5 Topsoil /Laterite
76.6 14.5 15 H Clay
182.6 - - Weathered layer
2 138.4 0.9 0.9 Topsoil/Laterite
36.2 3.1 4.0 H Clay
113.6 - - Weathered layer
3 57.1 6.0 6.0 Topsoil/Laterite
119.3 2.1 8.2 A Clay
157.7 - - Weathered layer
4 208.3 0.5 0.5 Topsoil
307.2 1.1 1.6 KQ Lateritic clay
102.8 2.0 3.6 Clay
100.8 - - Weathered layer
5 153.6 1.2 1.2 Topsoil
121.6 2.6 3.8 QH Lateritic clay
64.7 8.4 12.2 Clay
208.2 - - Weathered layer
6 170.2 1.0 1.0 Topsoil
151.8 3.2 4.2 QH Lateritic clay
57.0 4.0 8.2 Clay
126.5 - - Weathered layer
7 177.8 1.1 1.1 Topsoil
277.9 21 3.2 KH Lateritic clay
48.0 4.2 7.4 Clay
170.0 - - Weathered layer
8 88.7 0.8 0.8 Topsoil
180.1 4.0 4.8 KH Lateritic clay
26.5 5.0 9.8 Clay
113.9 - - Weathered layer
9 289.0 0.4 0.4 Topsoil/Laterite
66.4 1.9 2.3 Q Clay
62.1 - - Weathered layer
10 94.9 9.9 9.9 Topsoil /Laterite
146.0 2.4 12.3 A Clay
229.6 - - Weathered layer
11 105.7 0.9 0.3 Topsoil /Laterite
334 2.1 3.0 H Clay
149.8 - - Weathered layer
12 131.5 0.5 0.5 Topsoil/Laterite
38.2 6.8 7.3 H Clay
377.9 - - Weathered layer

soil is generally expandable and compressible
thereby promoting swelling and shrinkage.
High clay contents thus impact weaknesses to
the pavement structure [10, 20]. A lateritic cap
with resistivity of 307.2 Qm and average thick-
ness of 1.2 m, observed at VES 4 may support
stability at that zone.

The weathered/fractured basement is re-
vealed at varying depths ranging from 4.0 to
15.0 m with a resistivity spectrum of 100.8 to
182.6 Om. This affirms a system of linear geo-
logical structures prescribed by the VLF-EM
profile. The generally low resistivity values in-
dicate low bearing capacity. Transmitting load

Integration of VLF-EM and VES data for pavement failure investigation in a typical basement complex terrain of southwestern Nigeria
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Figure 7: Typical resistivity type curves in the study area.

to this layer may induce differential settlement
of the pavement structure and precipitate fail-
ure [3, 7, 9].

Figure 9 reveals a 4-layer geoelectric se-
quence below VES 5-8 (segment II). The top-
soil is clayey with resistivity values ranging
from 88.7 to 177.8 m and its thickness var-
ies from 0.8 to 1.2 m. A lateritic crust forms
the second layer with resistivity values rang-
ing from 121.8 to 277.9 Om and thickness
ranging from 2.1 to 4.0 m. This suggests
varying levels of competence/stability giving

RMZ - M&G | 2022 | Vol.69[2] | pp. 105-118

rise to the partly unstable/stable zones along
the profile. The average thickness of 2.98 m
and varied composition may not absolutely
fulfil the expected characteristics of a base
course/sub-base course, particularly acting
as the structural portion of the pavement
and distributing the imposed stresses evenly
[2,9, 11].

The third geoelectric layer, a clay/clayey
horizon extending to a depth of about 12.5 m
at VES 5 is geotechnically significant. The lay-
er resistivity values ranging from 26.5 to 64.7

Oyedele et al.
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Qm indicate varying degrees of saturation ow-
ing to capillary effect. The material in place
lacks a basic requirement of sub-base course
to facilitate the drainage of free water that
may accumulate below the pavement. Clayey
formations are prone to differential settle-
ment under prolonged vehicular traffic/axle
loading owing to high porosity and practical-
ly little or no permeability [5, 21]. This fragile
layer is underlain by a weathered/fractured

basement with resistivity values ranging from
113.9 to 208.2 Om. The degree of weathering
and fracturing permits groundwater accumu-
lation and the effect of rising water table. The
bearing capacity of the layer is corresponding
low [3, 16, 20].

The geoelectric section of segment III en-
compassing VES 9 to 12 presents a 3-layer
geoelectric succession (Figure 10). The resis-
tivity of the topsoil ranges from 94.4 to 289

Integration of VLF-EM and VES data for pavement failure investigation in a typical basement complex terrain of southwestern Nigeria
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Qm; indicating materials of varying clay con-
tents, with thickness varying from 0.4 to 9.9 m.
The generally thin layer is delimited by a mas-
sive clayey material (resistivity of 94.9 (im)
stretching from VES 9 to VES 11 and extending
to 9.9 m at VES 10. It is underlaid by a clayey
substratum with resistivity value as low as 33.4
Qm at a depth of 0.9 m around VES 11.

A weathered/fractured basement forms the
third layer with resistivity values ranging from
62.1 to 377.9 Qm. The layer is closer to the
surface at VES stations 9 and 11, being at 2.3
m and 3.0 m depth, with associated resistivity
values of 62.1 and 149.0 Qm, respectively. High
contrasts of resistivity values confirm the pres-
ence of linear features, mainly fractures/faults,
lithologic contacts and near-surface lateral in-
homogeneity [9, 17].

Adverse effects of groundwater can be ex-
pected across the third layer as the features
often store groundwater in the basement
complex terrain [16, 20]. This geoelectric lay-
er constitutes a layer of low bearing capacity.
[t is structurally weak and may not be able
to support heavy wheel loading structures
[6, 18, 22].

Subsoil Integrity Evaluation

The basic structure of a pavement represents
four layers of surface: wearing course, base
course, sub-base course and the subgrade. A

RMZ - M&G | 2022 | Vol.69[2] | pp. 105-118

flexible pavement surface reflects the entire
behaviour of the subgrade layer. The charac-
teristics of the soil bed over which the entire
pavement system rests are indicative of the
geotechnical properties of the pavement [21,
22]. Engineering design should be in line
with the anticipated traffic load and ultimate
strength of the pavement layers to ensure the
stability and durability of the pavement struc-
ture [2, 18, 23].

The crystalline basement terrain of south-
western Nigeria presents challenges in ge-
otechnical investigations due to the hetero-
geneous nature of the subsurface and the
existence of localized geologic features [13,
20]. In this study, the subsurface geology in-
dicates substantially clayey subsoil with rel-
atively low resistivity values and presence of
geological features including fractures, faults
and lateral inhomogeneity. The presence of the
linear features in the area suggests lithological
contacts and/or fault/fracture zones along the
road alignment occurring within the coarse-
grained biotite and biotite hornblende granite
and coarse-grained charnockitic rocks associa-
tions [13, 14].

According to Akintorinwa & Oluwole [11]
and Asif et al. [23], the electrical resistivity of
subsoil increases with increase in compac-
tion and decrease in porosity. Higher mois-
ture content decreases the value of subsoil

Oyedele et al.



resistivity. Compact subsoil is characterized by
reduced porosity and moisture content with
consequent increase in electrical resistivity.
Diastrophic features and lithological contacts
are associated with typically high porosity and
permeability which enhance groundwater ac-
cumulation and transmission. The presence of
these tectonic features readily permits the flow
of water to the overlying clayey materials. The
subgrade at some portions of the road might be
wholly or partly immersed in the zone of satu-
ration, particularly during the wet season of the
tropics when groundwater table rises, leading
to low resistivity and bearing capacity [16, 24].
This geological scenario ultimately promotes
heaving, differential settlement and reduction
in the load bearing capacity of the near surface
subsoil [10, 22, 25].

The failure of the overlying pavement be-
comes apparent due to the plastic nature of the
clayey soil and high moisture content [2, 7, 9].
Clays characterized by low resistivity (usually
less than 100 Qm) are regarded as incompe-
tent materials as they tend to flow under stress.
This result agrees with Akintoriwa & Oluwole
[11] and Falowo [26], whose studies indicate
an inverse relationship between apparent re-
sistivity and moisture content, clay and silt con-
tent, liquid limit, plastic index, linear shrinkage,
and unconfined compression shear strength.
The specific gravity, maximum dry density and
California Bearing Ratio (CBR) were shown
to exhibit a direct relationship with apparent
resistivity.

In an earlier study, Adams et al. [1] adopted
conventional geotechnical methods to study
the pavement indices influencing failure along
the road under investigation, the Ado-lkere
Road, in southwestern Nigeria. The work pro-
vides a basis for comparison and validity of the
present study. The study classified most of ma-
terials in place as clayey soil under group A-2-6
and A-7, rated as fair to poor material for road
use according to the AASHTO classification sys-
tem. The compaction and CBR tests indicated
unsuitable base course materials. The soil has
a high water retention capacity, with the natu-
ral moisture content ranging between 7.7 and
14.5% for base course, between 10.5and 17.5%
for sub-base and between 12 and 19% for sub-
grade, for all failed segments considered. The

liquid limit showed that the majority of the
failed section exceeded the allowable limit for
base course materials.

The study of Adams et al. [1] significantly af-
firmed the presence of clayey formation under-
lying the pavement and effect of a rising water
table, as reported in the present geophysical
investigations. Application of the geophysical
methods enabled delineation of linear geolog-
ical structures including fractures, faults and
lateral inhomogeneity beneath the pavement.
The presence of these features renders geo-
materials at such regions geotechnically weak
with resultant pavement failures [9, 20, 26].
Incessant failure of the pavement under inves-
tigation has been promoted by the effect of the
rising water table, heterogeneity of the sub-
grade materials, presence of expansive clays
and linear features such as fractures, faults and
geological contacts.

Conclusions

Pavement failures along Ado-Ikere Road have
been investigated using the integration of
data from VLF-EM and VES techniques. The
study revealed the dominant presence of
clay/clayey materials below the topsoil, the
presence of linear features and contributory
shallow water table. Aside from any unethical
engineering practice, the presence of clayey
subgrade, lateral inhomogeneity, near sur-
face geological structures and fluctuations
in the saturated zone largely accentuated the
pavement failures along the road. Soil stabi-
lization procedures should be deployed as
appropriate. These should include excava-
tion to requisite depths, replacement of exca-
vated materials with competent materials, as
well as construction of appropriate drainage
systems.

The present study demonstrates the use-
fulness of geophysical techniques in civil en-
gineering works, particularly the advantage of
high spatial resolution, over results from bor-
ing and coring, which are known to provide
information at discrete locations. Geophysical
site investigations offer to reduce cost outlay
by reducing the number of borings, sampling,
and time-consuming tests required in the

Integration of VLF-EM and VES data for pavement failure investigation in a typical basement complex terrain of southwestern Nigeria
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geotechnical procedure. An all-inclusive and
pragmatic approach is required for subsoil
characterization and ultimate engineering de-
sign. This is a necessary prerequisite to achieve
sustainable development and reduce invest-
ment losses through routine rehabilitation of
failed segments of highways.
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Abstract in English

As a result of a combination of several methodologies,
the H-Field, Niger-Delta, has been delineated. To iden-
tify probable reservoirs, seals, and source rocks in the
study area, this study integrates sequence stratigraphy
with petrophysical concepts through a comprehen-
sive analysis of 3D seismic and well logging datasets.
According to the 3D facies model, reservoirs are dom-
inated by sand and are laterally extensive. They were
then upscaled and stochastically distributed to create
a 3D reservoir property model. On average, the poros-
ity of these clastic reservoirs ranges from 22 to 28%.
Reservoir net-to-gross (NTG) ratios range from 0.67 to
0.96. Water saturation ranges from 8% to 30%, while
hydrocarbon saturation ranges from 70% to 92%. Four
gas-bearing units and six oil-bearing units are present
in reservoirs P 0.5 and P 1 compartments. All reservoir
intervals’ oil and gas volumes are evaluated based on
the hydrocarbon distribution. Geological models of the
subsurface, such as the one in this paper, are crucial for
future reservoir development programs.

Keywords: Niger Delta, Nigeria, Petrophysics, Reser-
voir Quality Assessment

Introduction

Recent research breakthroughs in the energy
industry aim to improve subsurface resource
utilization through increased output. This
may be accomplished by accurately predict-
ing physical and fluid properties in 3D space
in order to increase production efficient
resource recapture [1]. The essential aspect

Abstract in Povzetek

Na podlagi razlicnih metodologij je opisano H-polje
v delti reke Niger. V pric¢ujoci $tudiji so z namenom
identifikacije moznih rezervoarjev, zapornih plasti
in izvornih kamnin na podlagi celovite analize 3D
seizmi¢nih podatkov ter popisov vrtin integrirani
sekvencna stratigrafija in petrofizikalni koncepti. Glede
na 3D faciesni model v rezervoarjih dominira pesek.
Rezervoariji so lateralno Sirokega obsega. Za izdelavo
3D modela lastnosti rezervoarja so bili faciesni modeli
razSirjeni v vertikalni smeri in stohasti¢no razporejeni.
V  povprecju klasti¢nih
znasa med 22 in 28%. Neto do bruto (NTG) razmerja
rezervoarjasomed 0,6 in 0,96. Nasi¢enostzvodo je med

poroznost rezervoarjev

8% in 30%, medtem ko je nasicenost z ogljikovodiki od
70% do 92%.V P 0,5 in P1 delih rezervoarja so prisotne
Stiri enote s plinom in Sest enot z nafto. Prostornine
intervalov z nafto in plinom so ocenjene glede na
razporeditev ogljikovodikov. Geoloski modeli podlage,
kakrsen je ta, Ki je predstavljen v tem ¢lanku, so klju¢ni
za prihodnje programe razvoja rezervoarja.

Klju¢ne besede: delta reke Niger, Nigerija, petrofizika,
ocean kvalitete rezervoarja

that governs reservoir appraisal and simula-
tion for improved exploitation and successful
development is three-dimensional (3D) mod-
eling of hydrocarbon resources. Despite 3D
geological simulation in oil and gas reservoirs
is simple utilizing different available software,
factors will lead remains a significant barrier
that has a significant impact on the successful
exploitation of gas resources [2-5]. Data from
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other sources may be included into the reser-
voir‘s 3D geologic feature models. Each cell is
assigned properties by the modeling system,
and numerical reservoir simulations are fre-
quently cell-dependent. Such models impose
much bigger loads on the geologist than con-
ventional models do, because at any part of the
reservoir‘s 3D volume, geology needs a com-
plete explanation. Multi-integrated properties
can be used to define a 3D geological model,
which is critical for connecting data from a
wellbore to a 3D geological model to create res-
ervoir simulations [6-10].

The hydrocarbon prospective of the Niger
Delta Basin‘s with its many fields and depobelts
has yet to be completely realized. A thorough
and correct fusion of petrophysical and se-
quence stratigraphic techniques will effectively
provide a more accurate picture of reservoir
attributes.

Identifying a field's depositional context is
also crucial in determining reserves and de-
signing optimal reservoir management strat-
egies. Sands formed in various depositional
conditions exhibit varying geometry in terms
of its body patterns, form, size, and variability
[11-12]. This indicates that the physical char-
acteristics of sandstone reservoirs are the re-
sult of complex interplay of sedimentological
processes. As a consequence, the reconstruct-
ing of sandstone successional sedimentologi-
cal settings offers the ultimate framework for
characterizing and evaluating reservoir charac-
ter variation [13-15].

Given the existence of huge datasets of
2D/3D seismic lines, well logs, and biofacies
from oil projects in the basin, the integration of

3° 6° 9°

6°

4°

Gulf of Guinea

3° 6°

sequence stratigraphy and petrophysics is still
to be extensively utilised in the investigation of
the Coastal Swamp depobelt. The success of pe-
ripheral field operators demonstrates the sub-
stantial opportunities of the Niger Delta basin‘s
onshore sections. In other words, proper appli-
cation of petrophysical investigations within
those marginal fields would yield additional
and greater deposits. This is due to the inclu-
sive process of analysis being robust enough to
scan the delta‘s diverse, different structural and
stratigraphic features [16].

The current study aims to provide a new set
of prospect evaluation in field optimistic parts
for modeling reservoir characteristics in the
Niger Delta Basin.

Geology of the study area

The study field is located in the Niger Delta
Basin, south of the Atlantic, between latitudes
4°N and 6°N and longitudes 3°E and 9°E. It is
a huge rift basin surrounded by several other
basins in the offset region that have had com-
parable histories. The geologic setting of the
Qua Ibo collapse summarizes the basin‘s tec-
tonostratigraphic framework, which originated
when a major piece of the southern margin of
the Niger Delta underwent catastrophic failure
and slid oceanward as a result of volcanism in
the Cameroon hinterland [17].

The H-Field under investigation is locat-
ed in the offshore depobelt region. Figure 1
depicts a schematic map of the research
area, highlighting the possible locations of
examined wells. From the bottom up, the

Figure 1: This map depicts a generic location map of the research region as well as the basic concession map.
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basin comprises three thick, prominent litho-
stratigraphic units: the AKata Formation, the
Agbada Formation, and the Benin Formation.
The Paleocene Akata Formation is distin-
guished by marine shales with excellent
source rock characteristics, and its maxi-
mum thickness can reach 20,000 feet in the
delta‘’s center region [18-20]. The largest
source of hydrocarbons is the Eocene Agbada
Formation, which formed in a deltaic to the
fluvial-deltaic system directly above the Akata
Formation. The Niger Delta Basin has a peak
Agbada Formation thickness of around 9000
ft. The Benin Formation is the most recent
stratigraphic unit, and it is composed mostly
of fluviatile sediments [21].

The H-field is located in the Niger Delta's
offshore region at a water depth of roughly
12 meters. The 3D seismic survey of H-field
was completed in 1996 after being acquired
in 1994. It covered approximately 400 km?
and was conducted in shallow water using a
land-type geometry. The inline and crossline
processing spacing was 25m. The seismic data
is generally of good quality and allows a reli-
able interpretation to be carried out over the
major part of the field area. Before the start
of the 2002 drilling campaign, a complete
re-interpretation and mapping exercise of the
top H3600 and top H3900 reservoirs was car-
ried out using the reprocessed OPL98 3D seis-
mic dataset, integrating all existing well data.
Depth maps were generated using a complex
depth conversion to account for a pull-down
effect due to gas in the eastern part of the field.
The 2002 drilled wells are largely used in seis-
mic to well tie and confirming the interpreted
structural.

The field structure is on a tilted horst in the
central part of the macrostructure. Static res-
ervoir models have been constructed for the
H3600 and H3900 reservoirs for computing oil
and gas volumes.

Materials and methods

Data sets

This study combines checkshot data, deviation
data, geological reports, wireline logs (cali-
per, compressional sonic slowness, density,

gamma-ray, neutron, and resistivity) and 3D
seismic volume from H-field drilled wells. There
were seven wells available: B1, A5X, A8Y, A4X,
A8X, A8 and A1l. The methodologies and work-
flow used in this work are represented in
Figure 2.

Well log correlation

The correlation was performed across the
wells, and suitable sand makers were identi-
fied to designate the reservoir units of signifi-
cance [22-25]. The hydrocarbon-bearing sands
were identified for examination of the field's
reservoir potential and mapped at real verti-
cal depth underwater [26-27]. The logs were
used to delineate the parasequences and sys-
tem tracts to determine the depositional set-
tings [22]. The checkshot data has been used
to match the depth and time of the seismic and
well data (Well to seismic tie). This was also
used to pick and determine the depth of the
postulated horizons and faults.

Petrophysical analysis

The petrophysical analysis of logs was aimed
mainly at determining the reservoir proper-
ties using a variety of qualitative and quanti-
tative techniques. The GR logs were used for
shale volume determination and lithology
identification through discriminating between
shale and non-shale beds. The resistivity logs
were used in combination with the GR logs
to distinguish among oil-gas and non-oil-gas
bearing sections. By correlating equivalent
intervals of log motif, the gamma-ray log was
employed to achieve lithologic correlation
of homologous strata among wells [14]. This
was expanded to include the lateral extent of
prospective hydrocarbon reserves calculated
by connecting units across wells. Correlation
panels are used to present the results. The well
logs were used to construct many crossplots to
identify the various correlations among reser-
voir rock properties characteristics and how
they impact the reservoir’s ability to retain or
transfer fluid [28].

Shale volume estimation

The volume of shale (V ), which constitutes
approximately of shale material in a sandstone
or heterolith reservoir, was calculated using

Petrophysical Evaluation of H-field, Niger Delta Basin for Petroleum Plays and Prospects
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Figure 2: Flowchart for the methodology utilized in the current study.

equation 1 [29], that incorporates gamma-ray
index (GR) estimates in equation 2.

Vsh — 0.083(2[3.7XIGR] (1)

| _GR,,—GR
o GRmax _GRmin

min

(2)

where I, = gamma-ray index, GR = chosen log
value, and GR  _and GR__ are the values used
for the sand and shale foundation lines.

Determination of porosity

Porosity is described as the proportion of
cavities to overall amount of rock (Agbasi, et
al. 2021). As shown in equation 3, this vari-
able is calculated by using bulk density values
obtained from the formation density log.

Prma — Py
o= (3)
pma_pf
where ¢ = Apparent density porosity,

p,,= Matrix density, p, =
reading, p, = Fluid density.

Bulk density log

RMZ - M&G | 2022 | Vol.69[2] | pp. 119-130

Water and hydrocarbon saturation

To compute uninvaded region water satura-
tion, a water resistivity (R ) estimate at for-
mation temperature calculated from poros-
ity and resistivity records inside clean water
zones is employed. To measure the saturation
of the reservoir sands’ fluid content, the for-
mation water saturation was first calculated
in equation 4 using Archie's water saturation
equation:

(4)

where n = saturation exponent, R = formation
water resistivity, R = rock resistivity and F =
formation factor.

Hydrocarbon Saturation (S,) is the propor-
tion of pore volume filled by hydrocarbon in
a formation. As indicated in equation 5, it can
be computed by deducting the number derived
from water saturation from 100 percent.

S, =(100-S,)% (5)

where S, = Hydrocarbon Saturation.

Harry et al.



Permeability determination

K denotes a rock’s capacity to carry fluids. For
each reservoir, permeability is evaluated using
equation 6.

2
K= /ZSSXQ

where S . = irreducible water saturation.

(6)

Volumetric hydrocarbon estimation

The use of one or more mathematical models
to characterize the petroleum porous struc-
ture in the reservoir and also the volumetric
migration from of the reservoir to the surface
was required for probabilistic hydrocarbon
in situ assessment. The hydrocarbon in place
was assessed using the net pay zone‘s aver-
age percentage hydrocarbon saturation [5].
The initial oil in situ (OIIP) is calculated as
follows:

OIIP=GRV><%><¢><(1—SW) (7)

GRV = Gross Rock Volume, % = Net-to Gross,
¢ = Porosity, S = Water Saturation.

Results and discussion

In the studied H-Field, a well tie between
the wells was based on the motif sand model
(Figure 3) and stratigraphic correlation
(Figure 4). The identified reservoirs were clas-
sified as P 0.5 and P1. Variable hydrocarbon
contact across reservoirs suggests compart-
mentalization. Reservoir ABC, P0.5, and P1 are
Biafra sands, and Reservoir ABC is not wide-
spread as it is frequently truncated by the Qua-
Iboe Channel erosive unconformity. P0.5, and
P1 are lowstand reservoir facies. As shown in
Figure 5, faults and horizons are delineated in
the seismic volume using well log-based infer-
ences. Fault pillars were identified and struc-
tural modeling was implemented based on the
seismic volume's horizon and fault mapping
(Figure 6).

It is possible to see a network of faults in
time (Figure 7) and depth (Figure 8) maps that
cover up to 66% of the surveyed area. Syn-
depositional listric faults and small antithetic
faults dominate the whole map region. Normal
faults have a NW-SE trend and a SW dip. As a
result of these structural patterns, the H-Field
was able to capture hydrocarbons.

Petrophysical research identified two pri-
mary reservoir intervals, P 0.5 and P 1, with
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Figure 3: Well log correlations between the wells analyzed.
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Figure 5: Fault framework as delineated in the seismic sections.

depths ranging from low to deeper. Well logs and are impacted by the fault lines. The po-
and seismic horizon modeling both demon- rosity in these reservoirs ranges between 22
strate that all of these reservoirs are widely and 29 percent on average. The reservoir net-
expansive throughout the simulated region to-gross (NTG) ratio varies from 0.67 to 0.96.
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Water saturation varies from 8% to 30%, while
hydrocarbon saturation values vary from 70%
to 92%.

According to Figure 9a, well A1l has the
greatest NTG value of 0.79 in reservoir P 0.5,
whereas well A4X has the lowest NTG value of
0.67. Well B1 has a maximum effective porosity
rating of 0.28, whereas well A8Y has the lowest
mean value of 0.22. The hydrocarbon satura-
tion is greatest in well A5X at 0.92 and lowest
in well A8 at 0.77. In reservoir P1, well A4X has
the maximum NTG rating of 0.96, whereas well
A5X has the minimum NTG value of 0.51.Well
A1 has the highest effective porosity value of
0.29, while wells A5X and A8X have the lowest
value of 0.21. The hydrocarbon saturation is
greatest in well A8 at 0.90 and lowest in well
A8Y at 0.70.

Figure 9 (a & b) depicts a summary graphic
of the average values of the results. The H-field
has often been demonstrated to have very
good to good reservoir quality. Furthermore,
the effective porosities are excellent and the

RMZ - M&G | 2022 | Vol.69[2] | pp. 119-130

hydrocarbon saturation is high. As a result, the
field has a significant chance of producing hy-
drocarbons. When compared to the reservoirs,
the sand facies are less laterally extensive and
more irregular, resulting in a larger NTG range
and more unpredictability water saturation.
The results presented in Figure 10
show that four gas-bearing units and six
oil-bearing units are present in reservoirs
P 0.5 and P 1. The dominant reservoir flu-
id type is oil. Figure. 11 shows the 3D static
model for wells A5X and B1. Well A5X has
both Gas-0il-Contact (GOC) at 3384ft and
Oil-Water-Contact (OWC) at 3453ft. Figure 11
depicts Well Bl‘s only Gas Water Contact
(GWC) at 3590 ft. Static reservoir simulation
is used to generate the lateral and longitudi-
nal dispersion of the inferred hydrocarbons,
which is shown in Figure. 11. The calculated
stock tank oil initially in place (STOOIP) and
gas initially in place is shown in Table 1 for
wells A5X and B1. Figure 12 shows viable
prospects in the H-field for exploration.

Harry et al.



»

\

|
:.H
|

Figure 11: Oil-gas-water contact in reservoirs P 0.5 and P 1.

127

-lie- -

T

Table 1: Estimates of mean; porosity, NTG, water saturation, and hydrocarbon volume in the two examined H-Field reservoir

intervals.
Reservoir Average Average Average Water Average Pay AveragePay  GIIP STOIIP
Interval Porosity NTG (%) Saturation Thickness Thickness (BSCF) (MMSTB)
(%) (%) (Gas) (o1
P 0.5 24.3 74.5 64 41.75 54.16 23.83 11.5
P1 24.1 76 73 33.5 37.5 0.64 1.13

Flatspot

Figure 12: Viable prospects in the H-field for exploration.

Conclusion

This study used sequence stratigraphy and pet-
rophysical approaches to predict prospective
petroleum plays and prospects for the H-field in
the Niger Delta Basin. The current 3D static res-
ervoir simulation provides a better knowledge

Flatspots
[

of the reservoir facies, structural type, and
petrophysical parameters’ field-wide disper-
sion. Because of their distinct petrophysical
and sequence stratigraphic features, two large
clastic reservoir sand sections were regarded
as attractive hydrocarbon possibilities. Seismic

Petrophysical Evaluation of H-field, Niger Delta Basin for Petroleum Plays and Prospects



interpretation and 3D structural modeling
are used to evaluate NW-SE trending normal
faults that affect hydrocarbon trapping in the
research area. According to facies modeling,
the sand-dominated reservoir facies has sub-
stantial lateral continuity. The porosity range
is 22-28 percent, according to the 3D reservoir
petrophysical simulation. Utilizing rock prop-
erties fluid variety data and volumetric assess-
ment of in-place hydrocarbons, it was found
that oil, gas, and water are available in the res-
ervoirs in various proportions so the amounts
are sufficient to support effective exploration
and mining activities to a certain degree. The
subsurface geological model given in this paper
is essential for future reservoir development
efforts. It could aid in the identification of
future well locations. The reservoir models will
be more detailed and fine-tuned depending on
the prospective well data set in the future.
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