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Historical Review

More than 90 years have passed since the University Lju-
bljana in Slovenia was founded in 1919. Technical fields
were united in the School of Engineering that included the
Geologic and Mining Division, while the Metallurgy Divi-
sion was established only in 1939. Today, the Departments
of Geology, Mining and Geotechnology, Materials and Met-
allurgy are all part of the Faculty of Natural Sciences and
Engineering, University of Ljubljana.

Before World War II, the members of the Mining Section
together with the Association of Yugoslav Mining and Met-
allurgy Engineers began to publish the summaries of their
research and studies in their technical periodical Rudarski
zbornik (Mining Proceedings). Three volumes of Rudarski
zbornik (1937, 1938 and 1939) were published. The War
interrupted the publication and it was not until 1952 that
the first issue of the new journal Rudarsko-metalurski
zbornik - RMZ (Mining and Metallurgy Quarterly) was
published by the Division of Mining and Metallurgy, Uni-
versity of Ljubljana. Today, the journal is regularly pub-
lished quarterly. RMZ - M&G is co-issued and co-financed
by the Faculty of Natural Sciences and Engineering Ljublja-
na, the Institute for Mining, Geotechnology and Environ-
ment Ljubljana, and the Velenje Coal Mine. In addition, it
is partly funded by the Ministry of Education, Science and
Sport of Slovenia.

During the meeting of the Advisory and the Editorial
Board on May 22, 1998, Rudarsko-metalurski zbornik
was renamed into “RMZ - Materials and Geoenvironment
(RMZ - Materiali in Geookolje)” or shortly RMZ - M&G.
RMZ - M&G is managed by an advisory and international
editorial board and is exchanged with other world-known
periodicals. All the papers submitted to the RMZ - M&G
undergoes the course of the peer-review process.

RMZ - M&G is the only scientific and professional periodi-
cal in Slovenia which has been published in the same form
for 60 years. It incorporates the scientific and professional
topics on geology, mining, geotechnology, materials and
metallurgy. In the year 2013, the Editorial Board decided
to modernize the journal’s format.

A wide range of topics on geosciences are welcome to be
published in the RMZ - Materials and Geoenvironment.
Research results in geology, hydrogeology, mining, geo-
technology, materials, metallurgy, natural and anthropo-
genic pollution of environment, biogeochemistry are the
proposed fields of work which the journal will handle.

Editor-in-Chief

Zgodovinski pregled

Ze vet kot 90 let je minilo od ustanovitve Univerze v Lju-
bljani leta 1919. Tehni¢ne stroke so se zdruzile v Tehniski
visoki Solj, ki sta jo sestavljala oddelka za geologijo in ru-
darstvo, medtem ko je bil oddelek za metalurgijo ustano-
vljen leta 1939. Danes oddelki za geologijo, rudarstvo in
geotehnologijo ter materiale in metalurgijo delujejo v sklo-
pu Naravoslovnotehniske fakultete Univerze v Ljubljani.
Pred 2. svetovno vojno so ¢lani rudarske sekcije skupaj
z ZdruZenjem jugoslovanskih inZenirjev rudarstva in me-
talurgije zaceli izdajanje povzetkov njihovega raziskoval-
nega dela v Rudarskem zborniku. 1z$li so trije letniki zbor-
nika (1937, 1938 in 1939). Vojna je prekinila izdajanje
zbornika vse do leta 1952, ko je izSel prvi letnik nove revi-
je Rudarsko-metalurski zbornik - RMZ v izdaji odsekov za
rudarstvo in metalurgijo Univerze v Ljubljani. Danes revija
izhaja Stirikrat letno. RMZ - M&G izdajajo in financirajo
Naravoslovnotehniska fakulteta v Ljubljani, Institut za ru-
darstvo, geotehnologijo in okolje ter Premogovnik Velenje.
Prav tako izdajo revije financira Ministrstvo za izobrazeva-
nje, znanost in Sport.

Na seji izdajateljskega sveta in uredniskega odbora je
bilo 22. maja 1998 sklenjeno, da se Rudarsko-metalurski
zbornik preimenuje v RMZ - Materiali in geookolje (RMZ -
Materials and Geoenvironment) ali skrajsano RMZ - M&G.
Revijo RMZ - M&G upravljata izdajateljski svet in medna-
rodni uredniski odbor. Revija je vklju¢ena v mednarodno
izmenjavo svetovno znanih publikacij. Vsi ¢lanki so pod-
vrzeni recenzijskemu postopku.

RMZ - M&G je edina strokovno-znanstvena revija v Slo-
veniji, ki izhaja v nespremenjeni obliki Ze 60 let. ZdruZuje
podrocja geologije, rudarstva, geotehnologije, materialov
in metalurgije. Uredniski odbor je leta 2013 sklenil, da po-
sodobi obliko revije.

Za objavo v reviji RMZ - Materiali in geookolje so dobrodo-
sli tudi prispevki s Sirokega podrocja geoznanosti, kot so:
geologija, hidrologija, rudarstvo, geotehnologija, materiali,

metalurgija, onesnazevanje okolja in biokemija.

Glavni urednik
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izdelanih iz zlitin iz skupine 6xxx
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Abstract

The alloys from Al-Mg-Si system provide an excellent
combination of mechanical properties, heat treatment
at extrusion temperature, good weldability, good cor-
rosion resistance and formability. Owing to the high
casting speed of rods or slabs, the solidification is rath-
er non-equilibrium, resulting in defects in the materi-
al, such as crystalline segregations, the formation of
low-melting eutectics, the unfavourable shape of inter-
metallic phases and the non-homogeneously distribut-
ed alloying elements in the cross-section of the rods or
slabs and in the entire microstructure. The inhomoge-
neity of the chemical composition and the solid solu-
tion negatively affects the strength, the formability in
the warm and the corrosion resistance, and can lead to
the formation of undesired phases due to segregation
in the material. In this experimental investigation, the
cross-sections of the rods from two different alloys of
the 6xxx group were investigated. From the cross-sec-
tions of the rods, samples for differential scanning cal-
orimetry (DSC) at three different positions (edge, D/4
and middle) were taken to determine the influence of
inhomogeneity on the course of DSC curve. Metallo-
graphic sample preparation was used for microstruc-
ture analysis, whereas the actual chemical composition
was analysed using a scanning electron microscope
(SEM) and an energy dispersion spectrometer (EDS).

Key words: casted rods for extrusion, homogeneity of
chemical composition, DSC analysis, microstructure.

Povzetek

Zlitine iz sistema Al-Mg-Si zagotavljajo odlicno kom-
binacijo mehanskih lastnosti, toplotno obdelavo pri
temperaturi ekstruzije, dobro varivost, dobro koro-
zijsko odpornost in preoblikovalnost. Zaradi visoke
hitrosti ulivanja drogov ali bram je strjevanje dokaj
neenakomerno, kar ima za posledico nastanek napak
v materialu, kot so kristalne segregacije, tvorba niz-
kotaljivih evtektikov, neugodna oblika intermetalnih
faz in nehomogena porazdelitev legirnih elementov po
preseku drogov ali bram in v celotni mikrostrukturi.
Nehomogenost kemicne sestave in trdne raztopine
negativno vpliva na trdnost, preoblikovalnost v toplem
ter korozijsko odpornost, poleg tega pa lahko vodi do
tvorbe nezaZelenih faz zaradi segregacije v materialu.
V tej eksperimentalni preiskavi smo preucili prese-
ka drogov dveh razli¢nih zlitin iz skupine 6xxx. Vzorci
za diferencialno vrsticno kalorimetrijo (DSC) so bili
odvzeti iz prefnega prereza droga na treh razli¢nih
mestih (rob, D/4 in sredina), z namenom ugotavljanja
vpliva nehomogenosti na potek DSC krivulje. Za anali-
zo mikrostrukture smo uporabili metalografski vzorec,
medtem ko smo dejansko kemijsko sestavo analizirali z
energijsko disperzijskim spektrometrom (EDS) na vr-
sticnem elektronskem mikroskopu (SEM).

Klju¢ne besede: liti drogovi za ekstrudiranje, homoge-
nost kemic¢ne sestave, DSC analiza, mikrostruktura.

3 Open Access. © 2019 Vonéina M., Cvahte P., Kragun A., Balako T., Medved J., published by Sciendo. This work is licensed
under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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Introduction

Aluminium alloys from the group 6xxx have
good mechanical properties, good formability
and corrosion resistance. Alloyed elements af-
fect weldability, corrosion resistance, corrosion
cracking, electrical conductivity and density.
Alloying magnesium and silicon to aluminium
alloys from the group 6xxx takes place in the
appropriate ratio (Mg/Si = 1.73) to form the
Mg Si phase [1]. In practice, alloys of the 6xxx
system produced by casting techniques con-
taining excess silicon or magnesium. Excess
silicon results in higher strength and increases
their transformability but reduces corrosion
resistance. Excess magnesium increases cor-
rosion resistance but reduces transformability
and strength [2, 3].

The presence of iron in alloys of the 6xxx sys-
tem results in the formation of phases such as
AL Fe, AlFe,Si, Al,FeMg,Si, and Al Fe, which
may be detrimental to the properties of these
alloys [4]. Iron reduces ductility and toughness
by forming coarse components with alumini-
um and other alloying elements. It also reduces
strength, corrosion resistance and fatigue resis-
tance. The alloying elements of chromium and
manganese correct the shape and size of iron
phases and its compounds in alloys of the 6xxx
system. The presence of manganese not only
increases the temperature of recrystallisation
and corrosion resistance but also allows dis-
persion hardening and ageing [2].

Although alloys from the group 6xxx have low-
er strength than alloys from the groups 2xxx
and 7xxx, they have advantages such as good
formability and corrosion resistance. Bismuth
and lead can also be added for better machin-
ing by cutting. These alloys are used for profiles
for doors, windows, ladders, walls and fences.
They are used for the manufacture of frames for
motors and cabinets of electric motors, heating
and cooling pipes, office equipment, etc. [5].
The production of products from the alloys of
the group 6xxx begins with the continuous or
semi-continuous casting of the rods, followed
by homogenisation. With a higher degree of
homogenisation, better formability properties
can be expected, which are crucial for further
processing. Homogenisation annealing is the
process by which crystal segregations and

RMZ - M&G | 2019 | Vol.66 | pp.139-148

low-melting eutectics are eliminated, the shape
of intermetallic phases is changed and small
precipitates are formed. The homogenisation
process achieves a uniform distribution of the
alloying elements throughout the entire micro-
structure. The inhomogeneity of the solid solu-
tion can adversely affect the corrosion/oxida-
tion resistance, strength, working temperature
(consequence of artificial reduction of melting
point in interdendritic spaces) and formability
in a warm, and can cause undesired phases due
to segregation [6, 7]. Thus, by means of homo-
genisation annealing, the formability of bars,
ingots and other cast semi-finished products
is improved; in this case, casted rods made of
aluminium alloys, since they have non-homoge-
neously distributed alloying elements through-
out the microstructure [8-10].

The uneven distribution of alloying elements
inside the dendritic microstructure is a feature
of high cooling rates. These differences increase
with increasing cooling rates and greater differ-
ences in the composition between the melt and
the solid phases at the beginning of crystallisa-
tion, which in some alloys can only be equated
with long-term homogenisation as a result of
solid-phase diffusion processes [11-13].
Owing to the non-equilibrium solidification, in
the solid state, eutectic can be obtained, which
according to the theoretical phase diagram
should not form. Lowering the temperature
at which incipient fusion started is so called
a non-equilibrium solidus (NRS). In order to
avoid local incipient fusion, each heat treatment
mustbe carried out below the NRS temperature.
Local incipient fusion may result in the forma-
tion of porosity resulting from the dissolution
of non-equilibrium phases. The cracks formed
during the forming can be the result of a molten
eutectic phase that does not dissolve.

The degree of inhomogeneity is influenced by
several different factors. The wider interval of
solidification of the individual alloy in practical
and theoretical aspects contributes to greater
non-homogeneity. The increase in non-homo-
geneity is also influenced by the difference in
the size of the solvent atoms and dissolved at-
oms, and their crystalline structure [5, 11].

The homogenisation annealing of cast struc-
tures to improve the formability was developed
on the basis of empirical methods for determin-

Voncina M., Cvahte P, Kracun A., Balasko T., Medved J.



ing the time and temperature of the annealing.
One of the determining factors is diffusion. In
the empirical determination of the time and
temperature of the annealing, the diffusivity of
the local chemical composition must be taken
into account. The diffusion of individual parti-
cles can be used to approximately determine
the diffusion time, for which the following ex-
pression (1) can be used: [8, 10].

XZ
~ D (1)
In this equation x is the diffusion path and rep-
resents half of the space between the secondary
dendritic arms. Therefore, the process of ho-
mogenisation is more effective if the grains are
smaller, since the elements need to take a short-
er path. D represents the diffusivity given in the
following equation, whereas D, represents dif-
fusion constant; Q is the activation energy for
the diffusion; R is a gas constant and T is the
temperature at which diffusion takes course.

D = Dyexp (=2) (2)

RT

According to this equation, the temperature has
an exponential influence on the diffusion and
consequently also on the time and tempera-
ture of homogenisation. By homogenisation
annealing, only micro-segregation can be in-
fluenced. By the solidification of large castings,
macro-segregations may occur, which may also
be one metre high and could not be affected by
homogenisation annealing [11].

In Table 1, the calculation of the diffusion co-
efficients of the various elements and the time
needed at the certain temperature at which
the element travels 50 um (the hypothetical
half-distance between the secondary dendritic
arms) are given. Table 1 shows that the time
drastically reduces with the rising temperature.
Among the selected elements, the longest diffu-
sion times are for manganese, where at a tem-
perature of 600°C, the homogenisation anneal-
ing should last as much as for 567.3 h. Among
other elements, only iron is also more difficult,
which requires 21.6 h at the same temperature,
while for other elements, the diffusion at a dis-
tance of 50 um takes place in 2.2 h (Cu), 2.1 h
(Al - self - diffusion), 0.7 h (Si), 0.5 h (Mg) and
0.3 h (Zn) [14-17].

Table 1: Diffusion of elements in aluminium at temperatures
550, 600 and 650°C at a distance of 50 mm [14-17].

Element T [°C] D [cm?/s] t [h]
550 9.64E-10 7.2
Al 600 3.32E-09 2.1
650 9.98E-09 0.7
550 6.70E-11 103.6
Fe 600 3.22E-10 21.6
650 1.30E-09 5.3
550 3.21E-09 2.2
Si 600 1.04E-08 0.7
650 2.95E-08 0.2
550 4.30E-09 1.6
Mg 600 1.31E-08 0.5
650 3.55E-08 0.2
550 2.01E-12 3461.6
Mn 600 1.22E-11 567.3
650 6.14E-11 113.1
550 9.83E-10 7.1
Cu 600 3.15E-09 2.2
650 8.88E-09 0.8
550 7.30E-09 1.0
Zn 600 2.00E-08 0.3
650 4.92E-08 0.1

Owing to all the factors listed earlier, which
influence the quality of the production of cast
rods, the process of homogenisation and fur-
ther processing of rods, two cross-sections of
the rods from two different alloys of the 6xxx
group, were analysed in this study. From the
cross-sections of the rods, samples for differen-
tial scanning calorimetry (DSC) were taken at
three locations in order to determine the effect
of inhomogeneity on the DSC curve. The sam-
ples after the DSC analysis were, furthermore,
metallographically prepared and microstruc-
ture was analysed, where the actual chemical
composition was analysed using a scanning
electron microscope (SEM) and an energy dis-
persion spectrometer (EDS).

Analysis of Chemical Composition Homogeneity in the Cross-section of the Rods Produced from Alloys of 6xxx Group
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Materials and Methods

Based on the chemical composition of in-
vestigated alloys, which correspond to the
EN AW-6008 and EN AW-6060 standards given
in Table 2, a simulation of the thermodynami-
cally non-equilibrium solidification according
to Scheil was performed using the Thermo-Calc
software and the TCAL6 database.

In addition, DSC analysis was performed in
order to determine the temperature chang-
es and the thermal effects that occur during
heating/melting and cooling/solidification of
the investigated alloys. Experiments were car-
ried out using the STA Jupiter 449C device from
Netzsch by placing two identical corundum
crucibles on the platinum sensor. In one cruci-
ble, the investigated sample, and in the other,
a comparative (inert) sample was placed. The

Table 2: Chemical composition of investigated alloys according to EN-AW standards in wt.%.

Alloy Si Fe Cu Mn Mg Cr Zn Ti \'% Al
6008  0.50-0.90 0.35 0.30 0.30 0.40-0.70 0.30 0.20 0.10 0.05-0.20 Rest
6060 0.30-0.60 0.10-0.30 0.10 0.10 0.35-0.60 0.05 0.15 0.10 - Rest

system was heated in a furnace according to
the pre-programmed temperature program up
to 720°C. At this temperature, it was kept for
10 minutes. Heating and cooling stages were
carried out at a constant rate of 10 K/min. The
test was performed in a protective atmosphere
of argon Ar 6.0. During the measurement, the
apparatus measured the temperature, the
difference in temperatures between the in-
vestigated and the comparative samples and
the time. DSC analysis was carried out on cast
samples taken from the centre, on D/4 and on
the edge of the cross-section of the rod. The
samples were cut from the cross-section of the
rod and turning at a diameter of 4.5 mm and a
height of 4 mm, which were inserted into the
device where analysis was performed.

After the measurements, the heating and cool-
ing DSC curves were plotted; the characteristic
temperatures were determined from heating
and cooling DSC curves, and the influence of the
sampling site on the characteristic tempera-
tures was analysed. After the DSC analysis, the
samples were metallographically prepared and
photographed using a BX61 light microscope
with the purpose of analysing the influence of
the sampling site from the cross-section of the
rod on the formation and distribution of mi-
crostructural components. Furthermore, using
the SEM Jeol JSM-7600F and EDS analyzer NCA
Oxford 350 EDS SDD, the chemical composition

RMZ - M&G | 2019 | Vol.66 | pp.139-148

of all samples after DSC analysis was analysed,
and the homogeneity of the chemical composi-
tion in the intersection of the rod was analysed.

Results and Discussion

Figure 1a shows the calculated cooling curve
of the alloy EN AW-6008 (Scheil’s model), with
the dotted line showing the course of equi-
librium solidification. In this alloy, according
to the calculation, in the microstructure, the
primary «-Al, eutectic a-Al + Al Si_M, and eu-
tectic a-Al + Al Si,M, + Al Fe,Si, phases can
be expected, while at a lower temperature
(approximately 568°C), the eutectic phases
Al ;Fe Mg Si, and Mg,Si can solidify. Non-equi-
librium solidification begins at 654°C and ends
at 558°C. In the following, the Scheil’s model of
non-equilibrium solidification taking into ac-
count the large diffusion coefficients of the el-
ements of silicon and magnesium is calculated
(Figure 1b). In this case, only three phases are
obtained: a-Al, eutectic a-Al + Al Si,M, and eu-
tectic a-Al + Al Fe,Si. The solidification starts at
T, =654°C and ends at T, = 603°C.

Figure 2 shows the calculated cooling curve
of the alloy EN AW-6060 (Scheil’s model). In
this alloy, the primary crystals of a-Al, eutectic
a-Al+Al ,Fe and eutectica-Al + Al ;Fe, + Al Fe,Si
can be found in the microstructure; the phase

Voncina M., Cvahte P, Kracun A., Balasko T., Medved J.
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Figure 1: The cooling curve of the non-equilibrium solidification of the alloy EN AW-6008 without considering the diffusion (a)
and taking into account the larger diffusion coefficients of the elements of silicon and magnesium (b).
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Figure 2: The cooling curve of the non-equilibrium solidification of the alloy EN AW-6060 without considering the diffusion (a)
and taking into account the larger diffusion coefficients of the elements of silicon and magnesium (b).

Al Fe Si is transformed into the phase Al Fe,Si;
also at a lower temperature, the eutectic phases
Al Fe, Mg Si, and Mg,Si can solidify. Non-equi-
librium solidification begins at 656°C and ends
at 557°C. Figure 2b shows Scheil’s model of
non-equilibrium solidification taking into ac-
count the large diffusion coefficients of sili-
con and magnesium. In this case, only three
phases are obtained in the non-equilibrium
curve: a-Al, eutectic a-Al + Al ,Fe, and eutectic
a-Al + Al ,Fe, + Al Fe Si. The solidification starts
at T, = 656°C and ends at T, = 616°C.

At the heating DSC curve, the AL Ti and AlMg-$
phases at the temperature of 233.2°C and
282.4°C, respectively, presumably precipitate
(Figure 3b), which was verified by thermo-
dynamic calculations/simulations of equi-
librium solidification and is a consequence
of the supersaturated solid solution of the
pre-hardened alloy. At 601.0°C, the eutectic
a-Al + Al Fe,Si melts, which represents a sol-
idus temperature, and at a temperature of
609.6°C, the eutectic a-Al + Al Si,M, melts with
respect to the Scheil’s calculation in Figure 1.
Furthermore, at 646.8°C, melting of primary
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Figure 3: Heating (blue) and cooling (green) DSC curves of the samples 6008_centre (a), 6008_D/4 (b) and 6008_edge (c) with
marked characteristic temperatures and corresponding microstructure images.

a-Al crystals is observed. During cooling, at a
temperature of 648.6°C, the primary o-Al so-
lidifies; at a temperature of 599.0°C, eutectic
a-Al + Al _Si,M, and at a temperature of 572°C,
eutectic a-Al + Al Fe,Si. At 551.8°C, most like-
ly the Si,V eutectic phase solidifies (named as
CrSi, in the TC calculation).

Similar transitions are also observed on DSC
curves of samples taken from the centre and

RMZ-M&G | 2019 | Vol.66 | pp. 139-148

edge of the cross-section of the rod, except
that the temperatures slightly differ (Figure 3a
and c). When comparing the curves, distinct
differences are observed, which probably sug-
gests an inhomogeneous chemical composition
in the cross-section of the rod (Figure 4). This
is also confirmed by microstructural images
after DSC analysis at various sites. The density
of microstructural components is much higher
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Figure 4: Comparison of heating (a) and cooling (b) DSC curves of EN AW-6008 alloy from different places of the rod: centre
(blue), D/4 (green) and edge (red).
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Figure 7: EDS analysis of samples from the alloy EN AW-6008
taken from the cross-section of the rod at D/4, centre and edge
after the DSC analysis.

in the sample 6008_centre than in the sample
6008_edge, whereas the distribution of micro-
structure phases is most uniform in the sample
6008_D/4.

Figure 5 shows the heating and cooling DSC
curves of samples from the EN AW-6060 al-
loy taken at three different locations with the
accompanying microstructural images. At
574.5°C, the eutectic a-Al + Al Fe Si begins to
melt (according to the Scheil’s calculation in
Figure 2b), which represents the solidus tem-
perature, and at a temperature of 624.1°C, the
eutectic a-Al + Al ,Fe, melts. Furthermore, at
642.1°C, the melting of the primary crystals of
a-Al is observed. On the basis of the TC calcu-
lations of the equilibrium solidification, it can
be concluded that the heating DSC curve leads
to the precipitation of the phases Al .Si,M, and
Mg Si at a temperature of 242.4°C and 371.2°C,
respectively. During cooling, the primary
a-Al (liquidus) solidifies at a temperature of
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Figure 8: EDS analysis of samples from the alloy EN AW-6060
taken from the cross-section of the rod at D/4, centre and edge
after the DSC analysis.

649.7°C and eutectic with Fe phase (Al ,Fe, or
Al Fe,Si) solidifies at a temperature of 602.8°C,
depending on the ratio between Fe and Si. Sim-
ilar changes are also observed on DSC analyses
of samples taken from the centre (Figure 5a)
and the edge (Figure 5c) of the cross-section
of the rod, except that the temperatures differ
slightly from one another. When comparing the
heating (Figure 6a) and cooling (Figure 6b) of
the DSC curves, it is observed that the curves
are generally very similar, which indicates bet-
ter homogeneity of the chemical composition
across the cross-section of the rod. The higher
homogeneity of the chemical composition and,
consequently, of the microstructural compo-
nents indicated by the results of the DSC anal-
ysis was confirmed also by the microstructural
images shown next to the corresponding DSC
analysis.

Figures 7 and 8 show the results of the EDS
analysis on the samples after the DSC experi-
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ments confirming the preliminary conclusions;
however, only the fluctuation of certain chem-
ical elements is presented since the actual
chemical composition of the investigated alloys
could not be revealed. It can be seen that the
chemical composition is not homogeneous in
the cross-section of the cast rod. The largest
deviations in the EN AW-6008 alloy are found
in a silicon concentration, which varies by more
than 0.5 wt.%. Minor deviations are also found
in concentrations of magnesium, vanadium,
manganese and iron, which can be eliminated
by appropriate homogenisation annealing.
Minor fluctuations in the chemical composi-
tion are shown by EDS analysis of the alloy
EN AW-6060 (Figure 8), which was assumed
already after the DSC analysis, where the DSC
curves are very similar. The concentrations of
magnesium, silicon, manganese and iron are
slightly increased from the centre to the edge.
EN AW-6060 alloy rods are fairly homogeneous
in chemical composition already in the cast
state.

Conclusion

The aim of this investigation was analysis of
chemical composition homogeneity in the
cross-sections of the rods produced from al-
loys of the 6xxx group. DSC analysis indicated
non-homogeneity of the experimental alloys,
whereas four reactions in case of EN AW-6008
alloy and two reactions in case of EN AW-6060
alloy could be expected, which corresponds
to the Scheil’s non-equilibrium calculations,
where larger diffusion coefficients of the ele-
ments of silicon and magnesium were taken
into account.

On the basis of the results presented earlier, it
can be concluded that the alloy EN AW-6060
is already quite homogeneous in the cast state
through the cross-section of the rod. The con-
centration of some elements slightly increases
from the centre to the edge.

From the results of the analysis of the cross-sec-
tion of the rod from the EN AW-6008 alloy, it is
evident that the chemical composition is not
homogeneous in the cross-section of the cast
rod. The greatest deviations are observed in
the concentration of silicon, which also fluctu-

ates by more than 0.5 wt.%. Minor deviations
are also found in concentrations of magnesium,
vanadium, manganese and iron, which can be
eliminated by appropriate homogenisation an-
nealing.
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Abstract

The world energy demand has become higher with
the growing population, which has translated into an
increase in emission of greenhouse gases into the at-
mosphere. For this reason, CO, capture and storage has
been undertaken to purify the atmosphere. For storing
this CO, itis necessary to have wells to inject it (deeper
than 800 m); moreover, these wells need to have sta-
bility over time, and one of the stability aspects is the
protection of steel against corrosion. Considering this
aspect, the most common steels (focussed on Ameri-
can Petroleum Institute [API] steels) that can be used
in an injector well were studied. The best performance
was obtained using a high alloy content of Cr and Ni.
Furthermore, the most important parameter analysed
when corrosion is studied is the test time, which was
modelled to stabilise the corrosion rates. The experi-
ments were undertaken after a general review of dif-
ferent studies that investigated the corrosion of steel
when in contact with CO, in the vapour phase and un-
der supercritical conditions.

Key words: corrosion rate, API steel, co, phase,
Cr-Ni-Mo content

Povzetek

Z narascanjem Stevila prebivalcev se povecujejo tudi
energetske potrebe, kar se odraZa na povecanju emisij
toplogrednih plinov v atmosfero. Zaradi tega se z na-
menom ciS€enja ozracdja izvaja zajem in skladiS¢enje
CO,. Za skladiscenje CO, so potrebne injekcijske vrtine
(globlje od 800 m), ki morajo imeti potrebno ¢asovno
stabilnost. Eden od stabilnostnih vidikov je ohranjanje
jekla proti korozijskim napadom. Zaradi tega so bile
opravljene raziskave najbolj pogostih jekel (osredo-
toc¢eno na API jekla), ki se jih lahko uporablja v injek-
cijskih vrtinah. NajboljSe rezultate so pokazala jekla
z visokim delezem Cr in Ni. Pri raziskavah korozije ima
pomembno vlogo Cas, zato je bil uposStevan pri model-
skih analizah. Clanek temelji na splo§nem pregledu raz-
licnih raziskav, v katerih so se avtorji ukvarjali s korozi-
jo jekla v stiku s CO, v pari in v superkriti¢nih pogojih.

Klju¢ne besede: stopnja korozije, API jeklo, faza CO,,
vsebnost Cr-Ni-Mo
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Introduction

The economic growth and increasing popula-
tion have influenced energy demand, causing
the latter’s cumulative growth, specifically in
terms of the use of fossil fuels as a means to
supply this demand. This has had repercussion
on the global average greenhouse gas concen-
trations, having CO, as the principal compo-
nent [1]. The biggest challenge in this context
is reduction of CO, emissions into the atmo-
sphere, with the alternative use of diverse en-
ergy sources, such as natural gas, ethanol, nu-
clear energy, etc. [1].

To reduce the CO, level in the atmosphere, CO,
capture and storage has been planned and
used, this CO, being stored, mostly, in deplet-
ed oil and gas reservoirs; however, some other
places have also been considered, such as sa-
line aquifers and coal seams. Some examples of
these projects are RECOPOL (coal seam in Po-
land), Allison Unit (enhanced coal bed methane
in Mexico), Selipner (gas field in Norway), Salah
gas (project launched by British Petrochemicals
and Statoil in Algeria), Ketzin field (enhanced
gas recovery in Germany) and some others [2].
According to the Intergovernmental Panel on
Climate Change (IPCC) (2007), to have success
in CO, storage, capacity, injectivity and confine-
ment are required; therefore, well stability is re-
ally important, and due to some leakage, a path
could be created through the well. Hence, to
guarantee the wellbore integrity, some authors
have established a lifetime of 1000 years [4-7].
CO, is injected in the supercritical condition
(>31 °C and 7.38 MPa and stored deeper than
800 m) [2] and reacts with the steel and cement,
bringing about damages. When these wells are
not designed for injecting CO, [3], cement car-
bonation, microannulus opening and casing
corrosion may possibly occur [4]. The objective
of this work is to present a general review of
the effect of CO, corrosion in different kinds of
steels used as casing, aiming to know the best
options to guarantee the casing stability.
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Mechanism of CO, Corrosion

Relation Between Corrosion and Well
Integrity

When well stability is talked about, an im-
portant topic is corrosion (of either steel or
cement). However, in this paper, the focus is
on steel corrosion. It is important to mention
that every completion in wells requires me-
tallic components (wellhead, Christmas tree,
tubing, casing, packer, etc.), which - in most of
the cases (not always) - are made of some form
of steel that have metallic alloy elements, i.e.
chromium [5].

A CO, injector well can suffer corrosion in ev-
ery component, from the wellhead to the down-
hole completion components and, therefore, to
achieve large success in the CO, storage project,
the wells must bear the highest impact of corro-
sion [2]; thus, to know how to resist corrosion,
it is necessary to know how it attacks.

CO,is stable, inert and non-corrosive as a gas;
however, when it is in the presence of water
(either in the aqueous or vapour CO, phase),
dissolution occurs, with subsequent hydration,
forming H,CO, (carbonic acid), which is the
principal agent attacking steels [6]; the princi-
pal corrosion products are FeCO, (iron carbon-
ate) and Fe,C (iron carbide) [7] but, to under-
stand this mechanism better, analysing how it
proceeds step by step is required.

Chemical Reaction of CO, and H,0
Following Table 1, first the CO, is hydrated
by dissolving in water, forming carbonic acid
(H,CO,), which is a weak acid because the CO,
is partly dissociated in water. As carbonic acid
is diprotic, it dissociates in two steps, which is
considered the main source of acidity. The re-
sulting pH is a function of the CO, partial pres-
sure. In the first dissociation of carbonic acid,
the bicarbonate is obtained (HCO,), which, later
on, dissociates into carbonate (CO,) [6, 8].

Chemical Interaction of Fe with
Environment

Knowing how CO, reacts in the presence of
water, we can see that Fe also reacts with
its environment (Table 2). Initially, Fe reacts
with carbonic acid, yielding ferrous bicarbon-
ate (Fe(HCO,),); after this, the precipitation

Moreno W.E.G., Dias Ponzi G.G., Machado Pereira Henrique A. A., de Oliveira Andrade J.J.



Table 1: Reaction of CO, and H,0.

Reaction name

151

Reaction

Carbon dioxide hydration

€0, + H,0 & H,CO4

Carbonic acid dissociation

H,CO; & H* + HCO3

Bicarbonate anion dissociation

HCO; & H* + C0%~

Table 2: Reaction of Fe with the environment.

Reaction name

Reaction

Iron-carbonic acid reaction

Fe + 2H,C0; — Fe?* + 2HCO; + H,

Iron-bicarbonate reaction

Fe?* + 2HCO; — Fe(HCO3),

Fe(HCO3), — FeCO3 + CO, + H,0

[ron carbonate precipitation

Fe?* + C0%™ - FeC04

of iron carbonate occurs, in two ways. First,
when the concentrations of Fe?* and COZ ions
reach the maximum solubility limit, they com-
bine forming iron carbonate (FeCO,), with
a consequent increase in pH [9]. Second, when
the ferrous bicarbonate dissociates, it forms
FeCO, + CO, + H,0; this water could react with
the resultant carbon dioxide, yielding, again,
carbonic acid and, in this way, it could result in
a cycle of corrosion.

The case when CO, and water are present has
been explained, but, normally, water can have
different kinds of ions, such as Cl-, Na*, Ca*, SO?,
etc., which can affect the equilibrium of CO, and
the resulting pH [6]. On the other hand, the
presence of FeCO, could lead to a reduction in
the corrosion rate because it is formed on the
steel surface [10]. Moreover, this protective
film is dependent on low temperatures and
high supersaturation of Fe** and CO;' ; however,
this protective film could grow without having
any protective property, but, when it does have
the property, it could reduce the corrosion rate
between 5 and 100 times [8]. Adversely, even
when the iron carbonate is precipitated, if it is
not compacted on the surface, it cannot prevent
the corrosion [10]. Therefore, some analyses
have been performed, showing that at low tem-
peratures, the FeCO, film gets dissolved contin-
uously and the corrosion rate increases [11].
The precipitation kinetics of FeS is almost two

H,S$
Rust
Brine water 2HCO; +2e — H +2CO*  Fe,0,.H,0, co
Fe 2 + CO — FeCO,
OH-

€

Fe*
Anode
04+ 2H,0+ de 1> [40H:
Fe —»Feit+2e:
e
. ) oSteel pipe .“ il ‘.
Corrosion / \__/

Cathode
Figure 1: CO, corrosion on a pipe [14].

orders of magnitude faster than that of FeCO, at
the same conditions [12]; moreover, FeCO, was
formed after 60 days, and even when there was
areduction in corrosion rate, there was still cor-
rosion [13]. In addition, as shown in Figure 1, it
is noted that the electrochemical dissociation of
iron leads to surface corrosion.

Finally, although the Fe?* ion could react later
to form the protective film, this could lead to
study the corrosion rate and rate of formation
of protective film to know whether FeCO, is
having a positive or negative effect, because as
mentioned earlier [11-13], there is still corro-
sion on steel.
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Figure 2: Well configuration. Taken from [18].

Different Kinds of Steels

CO, can affect the different materials in CO, in-
jector wells. Therefore, the metallurgical selec-
tion (as well as the type of cement) plays an im-
portant role [15] because the casing steel and
other parts of the well can be subject to corro-
sion when they are exposed to CO, or formation
fluids (or both) (Figure 2). This corrosion can be
controlled by using corrosion-resistant alloys
(CRASs) [16]. Furthermore, if a CRA is improper-
ly selected, it can lead to mistakes in the future,
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affecting the performance; hence, taking care of
the specific properties of the steels is required
because a group of CRAs can be resistant at one
temperature; however, this does not guarantee
that the CRAs will work with the same perfor-
mance in a different environment [17].

Casing and tubing play an important role in
wells; so, ensuring their integrity is essential.
Therefore, the American Petroleum Institute
(API) has standardised some grades of steels,
which are differentiated by groups, content of

Moreno W.E.G., Dias Ponzi G.G., Machado Pereira Henrique A. A., de Oliveira Andrade J.J.



Table 3: Required chemical composition [21].

Chemical composition in mass fraction (%)

Group Grade Type C Mn Mo Cr Ni Cu P S Si
Min Max Min Max Min Max Min Max Max Max Max Max Max
H40 - - - - - - - - - - - 0.03 0.03 -
J55 - - - - - - - - - - - 0.03 0.03 -
K55 - - - - - - - - - - - 0.03 0.03 -
! N80 1 - - - - - - - - - - 0.03 0.03 -
N80 Q - - - - - - - - - - 0.03 0.03 -
R95 - - 0.45 - 1.90 - - - - - - 0.03 0.03 045
M65 - - - - - - - - - - - 0.03 0.03 -
L80 1 - 0.43 - 1.90 - - - - 0.25 035 0.03 0.03 045
L80 9Cr - 0.15 030 0.0 090 110 8.00 10.00 050 0.25 0.02 0.01 1.00
2 L80 13Cr 0.15 0.22 0.25 1.00 - - 12.00 14.00 0.50 0.25 0.02 0.01 1.00
C90 1 - 0.35 - 1.20 0.25 0.85 - 1.50 0.99 - 0.02 0.01 -
T95 1 - 0.35 - 1.20 025 085 040 150 0.99 - 0.02 0.01 -
C110 - - 0.35 - 1.20 025 1.00 040 150 0.99 - 0.02 0.005 -
3 P110 - - - - - - - - - - - 0.02 0.03 -
4 Q125 1 - 0.35 - 1.35 - 0.85 - 1.50 0.99 - 0.02 0.01 -

chemical compounds, manufacturing processes
and mechanical properties [19], giving the API
steel grade; different names are obtained, qual-
ified by a number that represents the minimum
yield strength and a letter chosen arbitrarily,
without meaning. Therefore, they have been
divided into four groups, categorised by resis-
tance to sulphide stress cracking and working
pressure [20]:

— Group 1: H-40, J-55, K-55, N-80, R-95;

— Group 2: M-65, L-80, C-90, C-95, T-95, C-110;
— Group 3: P-110;

— Group 4: Q-125.

Furthermore, they can be divided by product

specification level (PSL):

— PSL-1: Common application casing (H-40,
J-55, K-55, M-65, N-80, R-95);

— PSL-2: Corrosion-resistant casing (L-80,
C-90, T-95, C-110);

— PSL-3: Deep well casing (P-110, Q-125).

However, each carbon API steel has the follow-

ing specific characteristics:

— H40: It is an API steel that is not generally
used as tubing, due to its yield strength and

the saving in terms of cost is minimum com-
pared to ]55 [19],

]55: This kind of steel is used for most wells
if it meets the design criteria. Moreover,
when subjected to a CO, environment, it is
recommended that it is normalised and tem-
pered, as it is used for maximum 9000 ft and
4000 psi in land wells [19].

N80: It should be either normalised or nor-
malised and tempered [21]. Furthermore, it
shows susceptibility to H,S, and it is recom-
mended for sweet wells [19].

L.80: Tempered at 620 °C, it has 9Cr and 13Cr
steels, being anticorrosive in a CO, environ-
ment; these types should be used at partial
pressure of H,S <1.5 psi [19],

T95: It is divided into two types, the first one
being used in sour facilities [19].

C110: This C-steel has maximum minimum
yield strength. If necessary, the product
can be cold-rotated, straightened and sub-
sequently stress-relieved at temperatures
between 30 °C and 55 °C below the final
specified tempering temperature, or hot-ro-
tated and straightened at temperatures not
>165 °C [21].
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Table 4: Required mechanical properties [22].

. Yield strength (MPa)  Minimum tensile strength
Group Grade Type Elongation (%) — — (MPa) g
H40 - 0.50 276 552 414
J55 - 0.50 379 552 517
K55 - 0.50 379 552 655
! N80 1 0.50 552 758 689
N80 Q 0.50 552 758 689
R95 - 0.50 655 758 724
M65 - 0.50 448 586 586
L80 1 0.50 552 655 655
L80 9Cr 0.50 552 655 655
2 L80 13Cr 0.50 552 655 655
C90 1 0.50 621 724 689
T95 1 0.50 655 758 724
C110 - 0.70 758 828 793
3 P110 - 0.60 758 965 862
4 Q125 1 0.65 862 1034 931

— P110: This type is restricted to quench-and-
tempered heat treatment and is used in deep
and sweet wells with high pressures. Even
though it has more yielding strength, it is
cheaper than C90 and T95 [19].

Q125: Gag-press straightening or hot-ro-
tating straightening can be performed for
straightening, but the temperature at the end
of the rotary straightening process should
not be <400 °C. However, if this method can-
not be used, the product can also be cold-ro-
tated and straightened, but the stress relief
must be performed at 510 °C (950 °F) after
straightening [21].

These products must comply with the required
chemical composition (Table 3), tensile proper-
ties and thickness, as presented in Table 4.

Cr-Steel

Onoyama et al. [23] investigated the corrosion
resistance of three different compositions of du-
plex stainless steel. They evaluated the first two
in National Association of Corrosion Engineers
(NACE) solution at 80 °C for 100 h to get the ef-
fect, in percentage, of different compositions of
the alloying elements in the steel, finding that it

RMZ - M&G | 2019 | Vol.66 | pp. 149-172

is desirable to reduce the Si percentage (<0.5%),
leading to the amount of Ni becoming 10% and
increasing the resistance; moreover, Mo and N
improve the steel and, Sn and Sb have to be cor-
rectly added, neither in excess or nor in lower
amount, with the best values being 0.05% Sn
and 0.15% Sb. On the other hand, duplex steel
was tested in 2.8 x 102 mol/L NaCl solution sat-
urated with CO, and N, at 260 °C for 100 h at
0.10 and 0.05 MPa, obtaining the maximum val-
ue around 8.5 x 10 mm/yr at 0.10 MPa of pres-
sure and around 3 x 10° mm/yr at 0.05 MPa of
pressure.

Kimura et al. [24] studied the effect of CO, cor-
rosion in 13Cr steel, modifying the chemical
composition of Cu, Ni and Mo, at 3 MPa and
180 °C, inside an autoclave with 20% of NaCl
solution saturated with CO, gas, for 7 days,
evaluating the weight loss rate. When there
was no addition of Cu, Ni and Mo, the corrosion
rate was 1.71 mm/yr, but when these elements
were part of the chemical composition, the cor-
rosion rate was <0.3 mm/yr. Moreover, with the
increase in Mo content at the same Ni percent-
age, the corrosion rate decreased. On the other
hand, the addition of Cu did not affect the corro-
sion rate and- the effect of Ni-Cu was not clear.
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Another study was carried out by Leth-Olsen
[25], which compared carbon-steel, 13Cr and
super 13Cr (S13Cr) in a potassium solution
with €O, in the liquid and vapour phases,
finding an excellent performance of S13Cr, with
an average of 0.01 mm/yr, compared to 13Cr,
which had a maximum value of 0.7 mm/yr and
0.3 mm/yr (in the liquid phase). Furthermore,
the values of maximum corrosion were noted
when the dummies were exposed in the liq-
uid phase, the rates of corrosion in the vapour
phase being 0.2 mm/yr for carbon-steel and
0.05 mm/yr for 13Cr; no corrosion was seen in
S13Cr.

In 2008, the erosion-corrosion of 22Cr steel
was analysed, compared with that of an X65
pipeline under the same conditions. This exper-
iment was evaluated using sand grains under
three special conditions. First, by varying the
temperature from 20 to 70 °C at a sand concen-
tration of 200 ppm and a CO, flow of 20 m/s,
a constant corrosion rate of around 5 mm/yr
was obtained for 22Cr, while X65 showed an in-
crease from 12.25 to 43.5 mm/yr. Second, the
solid particle concentration was varied from 30
to 200 ppm, with a temperature of 20 °C and
flow velocity of 20 m/s; although having the
same tendency, the corrosion rate for 22Cr in-
creased from 0.1 to 2.4 mm/yr approximately,
while for X65, it changed from 9 to 12 mm/yr.
The last was the variation of velocity from 7 to
20 m/s, maintaining the temperature at 20 °C
and concentration of sand particles at 100 ppm;
the corrosion rate in 22Cr increased from 0.2 to
0.8 mm/yr, while for X65, it varied from 2.4 to
5.9 mm/yr approximately [26]. Then, it is im-
portant to note that an important parameter is
considered in this study, namely, the solid par-
ticles.

Xu et al. [7] simulated the 3Cr steel used in the
well casing in the Huizhou oilfield, with the
same formation water composition to get the
effect of CO, corrosion at different tempera-
tures (45, 65, 85 and 105 °C), measuring every
structure in a CO, environment, comparing the
result in terms of temperature and CO, partial
pressure (0.5 and 0.2 MPa). They concluded
that by increasing the temperature and pres-
sure, it is possible to gain higher corrosion rates.
They observed a corrosion rate of 4.5 mm/yr at
CO, partial pressure of 0.5 MPa and 100 °C; the

highest value obtained at CO, partial pressure
of 0.2 MPa was 1.14 mm/yr at 65 °C and ap-
proximately 1 mm/yr at 105 °C.

Group 1 (J-55, K-55, N-80)

Cui etal. [27] evaluated the CO, corrosion at su-
percritical conditions (80 °C and 8.274 MPa) in
J55, N80 and P110, at different water cuts (30,
50, 70, 90 and 100%), obtaining an increase in
corrosion rate with higher water cut amount.
Furthermore, N80 and ]55 showed similar be-
haviour (7 and 4 mm/yr) and, at the same time,
were better than P110 (9 mm/yr).
Furthermore, Lin et al. [28] compared the three
steels mentioned herein at ion concentrations
(g/) of 19.0 CI, 1.14 SO}, 0.6 HCO;, 1.05
Mg, , 0.39 Ca;, 11.99 Na* and 0.12 CO? . First,
the pressures (6.89 and 10.34 MPa) were varied
at 90 °C; the following values were obtained for
the corrosion rate of N80, P110 and J55 steels:
1.752 mm/yr, 2.403 mm/yr, 1.854 mm/yr,
0.922 mm/yr, 1.054 mm/yr and 1.105 mm/yr,
respectively. Furthermore, when the pressure
was maintained constant (between 1.38 and
2.07 MPa CO, partial pressure), the corrosion
peak was at 100 °C and, after that, it was lower,
the best steels being N80 followed by J55.
Some studies have been carried out to com-
pare J-55 and N-80. One on these studies was
by Li et al. [29], who analysed the effect of tem-
perature at 5 MPa of partial pressure and var-
ied the partial pressure at 80 °C over a period
of 72 h. Furthermore, these two kinds of steel
were compared with carbon steel P110: when
pressure is varied, the best result was obtained
using ]55; however, on varying the tempera-
ture, sometimes, the best result was obtained
using N8O.

When this group of steels is talked about, an-
other important steel item referred to is K55.
A study was carried out by Elramady [30], in
which a piece was subjected in formation wa-
ter with CO, at 40 psi (0.276 MPa) at ambient
temperature, obtaining a rate varying from
0.4 to 0.74 mm/yr. On the other hand, Pehlke
[31] used brine, CO,, H,S and N at 1000 kPa
and 170 °C, obtaining a corrosion rate between
0.188 and 0.243 mm/yr for K55 steel.
Furthermore, when corrosion by CO, is studied,
there are other acids that can affect the well
apart from the carbonic acid. Jingen et al. [32]
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analysed the effect of the ratio of CO, partial
pressure to H,S partial pressure (10, 100, 200
and 400 MPa) in formation water, for N80 steel,
at90°Cand pCO, equal to 0.4 MPa, having a flow
rate of 1.7 m/s; they found that when H,Sis not
present, the corrosion rate is 1.689 mm/yr,
while the ratio is 10; the rate is 0.172 mm/yr,
changing to 0.789, 0.621 and 0.511 mm/yr for
the subsequent ratios. Additionally, another
work studied N80 steel at the same tempera-
ture, but at 4 MPa in the present of acetic acid
with CO, in brine. A value of 0.55 mm/yr was
obtained in the absence of the acid, but when
solid particle concentration was increased to
1000, 3000 and 5000 ppm, the corrosion rate
was 1.25, 3.55 and 4.95 mm/yr approximate-

ly [33].

Group 2 (L-80, T-95, C-110)

In this group, one of the most commonly used
steels is L80. One of the studies on L80 was
by Choi et al. [34], where the temperature
was set at 65 and 90 °C and the CO, pressures
used were 4 MPa (gaseous phase) and 8 and
12 MPa (supercritical phase), in a saline solu-
tion of 25% HCI; at 65 °C, the corrosion rate

Table 5: Corrosion rates [36].

was 8.7, 9.9 and 11 mm/yr, respectively, while
at 90 °C, the corrosion rate was 6.1, 3.4 and
4.8 mm/yr, respectively. A similar study was
done by Lopes et al. [35], which analysed the
steel at 15 and 30 MPa in brine at 50 °C, obtain-
ing 3.534 mm/yr at 15 MPa after 7 days, but
0.375 mm/yr after 30 days and 2.774 mm/yr
at 30 MPa after 7 days.

The corrosion process could be affected by oth-
er factors, such as sulphur and water. Qiu et al.
[36] studied corrosion at three temperatures -
60, 90 and 150 °C - and 0.1 MPa of H_,S partial
pressure and 0.5 MPa of CO, partial pressure,
varying the sulphur content (2 and 4%) and
the water content (30 and 70%); the results are
shown in Table 5. When the chromium compo-
sition of this steel is varied, the corrosion rate
changes too, and an example of this is the work
by da Silva [37], which used three different CO,
partial pressures (0.1, 0.3 and 0.65 MPa) at
20 °C with 2, 3 and 5% of NaCl for 72 h, having
0.82% of Cr in twocoupons of L-80 steel (Ta-
ble 6).

Two other steels in this group are T95 and
C110, which were investigated by Elgadd-
afi [38], where they varied the H,S concen-

T (°C) P, (MPa) P, (MPa) Cl- (g/1) S (%) H,0 (%) Rate (mm/yr)
60 0.1 0.5 0.13 2 30 1.56
90 0.1 0.5 0.13 2 30 1.06
150 0.1 0.5 0.13 2 30 1.39
60 0.1 0.5 0.13 4 30 1.47
90 0.1 0.5 0.13 4 30 0.78
150 0.1 0.5 0.13 4 30 2.08
60 0.1 0.5 0.13 2 60 1.15
90 0.1 0.5 0.13 2 60 0.94
150 0.1 0.5 0.13 2 60 0.98
60 0.1 0.5 0.13 4 60 1.10
90 0.1 0.5 0.13 4 60 0.68
150 0.1 0.5 0.13 4 60 1.00
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Table 6: Corrosion rates [37].

Rate (mm/yr)

P (bar)

NaCl (%)

cQ1 cQ2
2 0.56 0.49
1.0 3 0.45 0.52
5 8.89 0.29
2 1.29 0.71
3.0 3 1.26 0.80
5 1.13 0.82
2 1.66 111
6.5 3 1.57 0.96
5 1.61 0.92

tration (0, 10, 50 and 150 ppm) at 38 °C and
41.37 MPa; for T95, the CO, corrosion rate was
15, 20, 17 and 17.5 mm/yr, while for C110, the
values were 13, 14.5 and 9 mm/yr (there was
no test for 150 ppm of H_S).

Groups 3 and 4 (P-110, Q-125)

The last two groups contain only two steels,
which are used for deep well casing. Regarding
the studies on P110, the first corresponds to
analysis at 100 and 160 °C with a pressure of
4 MPa in a brine solution for 120 h, obtaining
a marked contrast in corrosion rate, with val-
ues of 6.1843 and 0.8754 mm/yr [39]. Similar-
ly, Guan [40] - at 90 °C and 4 MPa - obtained
a corrosion rate around 0.8261 mm/yr; at
110 °C with the same pressure, the rate was
0.2489 mm/yr. On the other hand, if the pres-
sure was varied (0.1, 2, 4 and 6 MPa), main-
taining the same temperature (100 °C) for
168 h, the results were 0.64, 0.76, 0.91 and
0.83 mm/yr, respectively [41].

The other steel is Q125. This steel was studied
in a CO, environment, in a brine solution sim-
ulated from the Jinlin Oil Field at 1 MPa and
30 °C and a flow of 1 m/s having a corrosion
rate of 1.012 mm/yr [42]. Furthermore, vary-
ing the temperature (30, 60,90 and 120 °C) and
keeping the pressure at 2 MPa, using formation
water from an oilfield, the values obtained
were 0.9, 2.8, 3.6 and 2.4 mm/yr [43]. Giving
continuity to the investigation from Elgadd-
afi [38], increasing the H,S concentration, the
corrosion rates were approximately 3.2, 9.5, 10
and 10 mm/yr.

Analysis of CO, Corrosion Studies

In this section, the corrosion rates in different
kinds of API steels obtained by different stud-
ies are analysed. The principal objective was
gathering not only the corrosion rate but also
data on the chemical composition of chromium,
nickel and molybdenum, pressure, tempera-
ture, duration of experiment, the phase of CO,
and the kind of steel. Every detail was collected
and summarised in the Appendix.

Dependency of Corrosion Rates on the Test
Time

The different values of corrosion rates indicate
that corrosion could be dependent on the test
time. Hence, these values were plotted against
the days on linear (Figure 3) and semi-log (Fig-
ure 4) scales to get better information. There is

Corrosion rate along the test time
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Figure 3: Corrosion rate against time on a linear scale.
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Corrosion rate along the test time
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Figure 4: Corrosion rate against time on a semi-log scale.

a clear tendency versus the time in the graphs;

in Figure 4, four regions were identified:

— From 0 to 3 days, which could be fast growth
in corrosion rate, which could be produced
by the formation of FeCO, film.

— From 3 to 25 days, in which there is a contin-
uous reduction of the corrosion rate.

— From 25 to 45 days, stabilisation of the cor-
rosion rates is initiated, with observation of
exponentially reducing rates.

— From 45 days onwards, the rates of corro-
sion are stabilised; there is a plateau, with

a corrosion rate of 0.008 mm/yr; however,
this value is only an approximation.

With the already-identified four zones of the
corrosion mechanism, the tendency was mod-
elled, yielding two curves; the first equation
shows a slightly better fit in the initial region,
and the second equation is the best simplified
tendency approximation along time (blue dot-
ted curve).

45 | 3

=0.0088 + —
Y + 3 .[time

<2 xotime> —time—x,
3 )¢’

(1): Better curve fit

time

y = 0.0088 + 6.8 45

(2): The best simplified curve approximation

Stabilised Corrosion Rates

To analyse the long-term corrosion rates, these
have to be in their plateau; it means, they have
to be stabilised. Therefore, every rate with a test

RMZ - M&G | 2019 | Vol.66 | pp. 149-172

time below 45 days was stabilised by the mean
of the tendency in Eq. (2) (because it is simpler
and well fitted). Furthermore, they were sepa-
rated by the CO, phase (vapour and supercrit-
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Corrosion rate in COz vapor phase
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Figure 5: Stabilised corrosion rates for different kinds of steels in the CO, vapour phase.

Corrosion rate in COZ supercritical phase
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Figure 6: Stabilised corrosion rates for different kinds of steels in the CO, supercritical phase.
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Table 7: Classification of corrosion rates by steels.

Category Steels in CO, vapour phase Steels in CO, supercritical phase
P110, 13Cr, Q125, 3Cr, N80, J55, 1Cr, K55 P110, N80, J55, 13Cr, 22Cr
Low and and
22Cr 20Cr-25Ni
Moderate - T95,C110, Q125 and L80
High L80 -

Corrosion rate depending of chromium content for each CO, phase
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Figure 7: Effect of chromium content in steels, for each CO, phase.

ical). Then, to conclude the results observed in
both graphs (Figures 5 and 6), it is necessary
to refer to the NACE corrosion category, which
defines the corrosion rate as low if the value is
<0.025 mm/yr, moderate if it ranges between
0.025 and 0.15 mm/yr and high if the value is
from 0.16 to 0.25 mm/yr. Thus, the steels could
be classified as in Table 7, and in general, the
corrosion rate is lower in the supercritical con-
dition, which is the phase of CO, when it is in-
jected, and higher in the vapour when it goes
through the cement paste.

RMZ - M&G | 2019 | Vol.66 | pp. 149-172

Effect of Chemical Composition of Steels

Addition of chemicals to form steel alloys per-
mit better response against corrosion, especial-
ly when chromium is added (it forms stainless
steel) and, furthermore, the quantity of nickel
and molybdenum could help to prevent CO, cor-
rosion. The effect of these elements when they
are added to steels was analysed (Figures 7-9).
There is a clear effect of chromium as a cor-
rosion-protective element. Only its presence
in steel reduces corrosion significantly, and at
a percentage >20%, it presents a plateau but
has a very low corrosion rate. When nickel is
added, the rate reduces faster, helping the chro-
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Corrosion rate in dependecy of Cr and N1 in each CO2 phase
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Figure 8: Effect of chromium and nickel content in steels, for each CO, phase.

Corrosion rate in dependency of Cr, N1 and Mo for each CO2 phase
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Figure 9: Effect of chromium, nickel and molybdenum content in steels, for each CO, phase.
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Corrosion rate vs CO, pressure
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Figure 10: Corrosion rate against the pressure.

Corrosion rate vs temperature for each CO, phase
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mium as a protective element; however, the
molybdenum has no significant effect, showing
the same tendency as when it is not added. This
is in the supercritical condition, because when
the vapour phase is observed, the effect is not
as high as in the supercritical condition.

Effect of Pressure and Temperature

Studying the effect of these two factors is diffi-
cult, because the idea is to analyse by varying
one of them and maintaining the other one con-
stant; to observe the effect, however, it was de-
cided to graphically represent them as separate
parameters (Figures 10 and 11). Then, varying
the pressure (>7.38 MPa is supercritical condi-
tion), the lowest corrosion rates are found in
the supercritical conditions, and as the pres-
sure becomes higher, lower rates are obtained.
However, when the temperature is evaluated, it
is difficult to get a tendency probably because
different values of pressure could be studied at
one temperature.

Conclusion

It is known that different factors could affect
the corrosion rates. First, the time of tests
has to be considered because a test spreading
over 3 days should not be used for determin-
ing awell’s stability in CO,-rich conditions,
because, as earlier mentioned, for a warranty
of stability for >100 years, the corrosion rates
must be the lowest as possible. On the other
hand, the wall thickness is a factor to be con-
sidered in the front side corrosion rates, be-
cause the walls could be as thick as 12 mm to
>25 mm. Thus, a corrosion rate of 0.06 mm/yr
could corrode half the thickness of a wall of
12 mm in 100 years; hence, warrantying the
lowest corrosion rates is extremely important
and required.

Alternatively, having a steel with high yield
strength, such as C110, T95 or P110, is not
a warranty for having good corrosion protec-
tion, but the chemical elements can help. Fur-
thermore, ensuring good corrosion protection
during the injection of CO, can have the highest
effect on the life of the casing and tubing along
the well, because, besides the corrosion, the
steel can be affected by erosion due to the flow
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of CO, along the tubing. Additionally, if the well
presents good stability along its injection path,
the next important section has to be the ce-
ment paste stability, which will be the wall be-
tween the casing and the stored CO,. Further-
more, the only steel that presented a relatively
worse behaviour was L80, but in the vapour
phase of CO,. Finally, by ensuring a corrosion
rate around 0.01 mm/yr, in 1000 years, it will
corrode 10 mm; but for this to happen, the CO,
has to be in contact with the casing. It means
an injectivity spanning 1000 years or breaking
through the cement paste after storing.
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Appendix

Steel CO,phase P (MPa) T (°C) (mﬁ;‘;r) Reference (E:];:) e Ni Mo
3Cr Vapour 0.2 45 0.45 [7] 7 022 294 03 0.3
3Cr Vapour 0.2 65 1.03 [7] 7 022 294 03 0.3
3Cr Vapour 0.2 85 1 [7] 7 022 294 03 0.3
3Cr Vapour 0.2 105 0.99 [7] 7 022 294 03 0.3
3Cr Vapour 0.5 40 0.2 [7] 7 022 294 03 0.3
3Cr Vapour 0.5 60 0.7 [7] 7 022 294 03 0.3
3Cr Vapour 0.5 80 3.45 [7] 7 0.22 294 0.3 0.3
3Cr Vapour 0.5 100 4.5 [7] 7 022 294 03 0.3
13Cr  Vapour 3 180 1.71 [24] 7 0.025 13

13Cr  Vapour 3 180 0.225 [24] 7 0.025 13 4 1

13Cr  Vapour 3 180 0.18 [24] 7 0.025 13 4 2

13Cr  Vapour 3 180 0.23 [24] 7 0.025 13 5 1

13Cr  Vapour 3 180 0.15 [24] 7 0.025 13 5 2

13Cr  Vapour 3 180 0.26 [24] 7 0.025 13 4 1

13Cr  Vapour 3 180 0.18 [24] 7 0.025 13 4 2

13Cr  Vapour 1.14 130 0.05 [25] 49 0.02 13 04 0.09
13Cr  Vapour 1.14 130 0.005 [25] 49 0.02 1224 573 21
J55 Supercritical 8.274 80 0.5 [27] 4 0.19 0.19 0.017 0.092
J55 Supercritical 8.274 80 0.9 [27] 4 0.19 0.19 0.017 0.092
J55 Supercritical 8.274 80 7 [27] 4 0.19 0.19 0.017 0.092
J55 Supercritical 8.274 80 10.5 [27] 4 0.19 0.19 0.017 0.092
J55 Supercritical 8.274 80 12.2 [27] 4 0.19 0.19 0.017 0.092
N80 Supercritical 8.274 80 0.7 [27] 4 0.24 0.036 0.028 0.021
N80 Supercritical 8.274 80 1 [27] 4 0.24 0.036 0.028 0.021
N80 Supercritical 8.274 80 7.2 [27] 4 0.24 0.036 0.028 0.021
N80 Supercritical 8.274 80 11 [27] 4 0.24 0.036 0.028 0.021
N80 Supercritical 8.274 80 12.8 [27] 4 0.24 0.036 0.028 0.021
P110 Supercritical 8.274 80 1 [27] 4 0.26 0.15 0.012 0.01
P110 Supercritical 8.274 80 1.7 [27] 4 0.26 0.15 0.012 0.01
P110 Supercritical 8.274 80 10 [27] 4 0.26 0.15 0.012 0.01
P110 Supercritical 8.274 80 11.2 [27] 4 0.26 0.15 0.012 0.01
P110 Supercritical 8.274 80 14.4 [27] 4 0.26 0.15 0.012 0.01
J55 Vapour 6.89 90 1.854 [28] 4 0.19 0.19 0.017 0.092
J55 Vapour 1.725 80 0.827 [28] 4 0.19 0.19 0.017 0.092
J55 Vapour 1.725 100 0.949 [28] 4 0.19 0.19 0.017 0.092
J55 Vapour 1.725 120 0.894 [28] 4 0.19 0.19 0.017 0.092
J55 Vapour 1.725 140 0.275 [28] 4 0.19 0.19 0.017 0.092
J55 Vapour 1.725 160 0.64 [28] 4 0.19 0.19 0.017 0.092
J55 Vapour 1.725 180 0.351 [28] 4 0.19 0.19 0.017 0.092
J55 Vapour 1.725 200 0.636 [28] 4 0.19 0.19 0.017 0.092
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J55 Supercritical 10.34 90 1.105 [28] 4 0.19 0.19 0.017 0.092
N80 Vapour 6.89 90 1.752 [28] 4 0.24 0.036 0.028 0.021
N80 Vapour 1.725 80 0.681 [28] 4 0.24 0.036 0.028 0.021
N80 Vapour 1.725 100 1.053 [28] 4 0.24 0.036 0.028 0.021
N80 Vapour 1.725 120 0.814 [28] 4 0.24 0.036 0.028 0.021
N80 Vapour 1.725 140 0.272 [28] 4 0.24 0.036 0.028 0.021
N80 Vapour 1.725 160 0.191 [28] 4 0.24 0.036 0.028 0.021
N80 Vapour 1.725 200 0.322 [28] 4 0.24 0.036 0.028 0.021
N80 Vapour 1.725 180 0.204 [28] 4 0.24 0.036 0.028 0.021
N80 Supercritical 10.34 90 0.922 [28] 4 0.24 0.036 0.028 0.021
P110  Vapour 6.89 90 2.403 [28] 4 0.26 0.15 0.012 0.01
P110 Vapour 1.725 80 0.948 [28] 4 0.26 0.15 0.012 0.01
P110  Vapour 1.725 100 1.609 [28] 4 0.26 0.15 0.012 0.01
P110 Vapour 1.725 120 0.862 [28] 4 0.26 0.15 0.012 0.01
P110  Vapour 1.725 140 0.41 [28] 4 0.26 0.15 0.012 0.01
P110  Vapour 1.725 160 0.353 [28] 4 0.26 0.15 0.012 0.01
P110  Vapour 1.725 180 0.422 [28] 4 0.26 0.15 0.012 0.01
P110 Vapour 1.725 200 0.95 [28] 4 0.26 0.15 0.012 0.01
P110 Supercritical 10.34 90 0.922 [28] 4 0.26 0.15 0.012 0.01
J55 Vapour 5 20 0.7 [29] 3 0.19 0.049 0.026 0.007
J55 Vapour 5 40 6 [29] 3 0.19 0.049 0.026 0.007
J55 Vapour 5 60 8 [29] 3 0.19 0.049 0.026 0.007
J55 Vapour 5 80 3.9 [29] 3 0.19 0.049 0.026 0.007
J55 Vapour 5 100 0.85 [29] 3 0.19 0.049 0.026 0.007
J55 Vapour 2 80 0.1 [29] 3 0.19 0.049 0.026 0.007
J55 Supercritical 8 80 5.2 [29] 3 0.19 0.049 0.026 0.007
J55 Supercritical 10 80 7.2 [29] 3 0.19 0.049 0.026 0.007
J55 Supercritical 12 80 6.2 [29] 3 0.19 0.049 0.026 0.007
N80 Vapour 5 20 0.7 [29] 3 0.24 0.22 0.028 0.018
N80 Vapour 5 40 [29] 3 0.24 0.22 0.028 0.018
N80 Vapour 5 60 [29] 3 0.24 0.22 0.028 0.018
N80 Vapour 5 80 31 [29] 3 0.24 0.22 0.028 0.018
N80 Vapour 5 100 2 [29] 3 0.24 0.22 0.028 0.018
N80 Vapour 2 80 0.1 [29] 3 0.24 0.22 0.028 0.018
N80 Supercritical 8 80 5.2 [29] 3 0.24 0.22 0.028 0.018
N80 Supercritical 10 80 7.2 [29] 3 0.24 0.22 0.028 0.018
N80 Supercritical 12 80 6.2 [29] 3 0.24 0.22 0.028 0.018
P110  Vapour 5 20 0.8 [29] 3 0.265 0.958 0.042 0.35
P110  Vapour 5 40 5 [29] 3 0.265 0.958 0.042 0.35
P110  Vapour 5 60 10 [29] 3 0.265 0.958 0.042 0.35
P110  Vapour 5 80 45 [29] 3 0.265 0.958 0.042 0.35
P110  Vapour 5 100 1.3 [29] 3 0.265 0.958 0.042 0.35
P110  Vapour 2 80 0.2 [29] 3 0.265 0.958 0.042 0.35
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P110  Vapour 8 80 5.7 [29] 3 0.265 0.958 0.042 0.35
P110  Vapour 10 80 7.75 [29] 3 0.265 0.958 0.042 0.35
P110  Vapour 12 80 6.4 [29] 3 0.265 0.958 0.042 0.35
P110 Supercritical 8 80 5.7 [29] 3 0.265 0.958 0.042 0.35
P110 Supercritical 10 80 7.75 [29] 3 0.265 0.958 0.042 0.35
P110 Supercritical 12 80 6.4 [29] 3 0.265 0.958 0.042 0.35
K55 Vapour 1 170 0.29 [31] 7

N80 Vapour 0.4 90 1.689 [32] 3 0.24 0.036 0.028 0.021
N80 Vapour 0.4 90 0.172 [32] 3 0.24 0.036 0.028 0.021
N80 Vapour 0.4 90 0.789 [32] 3 0.24 0.036 0.028 0.021
N80 Vapour 0.4 90 0.621 [32] 3 0.24 0.036 0.028 0.021
N80 Vapour 0.4 90 0.511 [32] 3 0.24 0.036 0.028 0.021
N80 Vapour 4 90 0.55 [36] 5 0.42 0.051 0.005 0.18
N80 Vapour 4 90 1.25 [36] 5 0.42 0.051 0.005 0.18
N80 Vapour 4 90 3.55 [36] 5 0.42 0.051 0.005 0.18
N80 Vapour 4 90 495 [36] 5 0.42 0.051 0.005 0.18
L80 Vapour 4 65 8.5 [34] 2 0.3 0.85

L80 Supercritical 8 65 9.9 [34] 2 03 085

L80 Supercritical 12 65 11 [34] 2 0.3 0.85

L80 Vapour 4 90 6.1 [34] 2 03 0.85

L80 Supercritical 8 90 3.4 [34] 2 0.3 0.85

L80 Supercritical 12 90 4.8 [34] 2 03 0.85

L80 Supercritical 15 50 0.375 [35] 30 0.315 0.04 0.01 0.11
L80 Supercritical 15 50 3.534 [35] 7 0.315 0.04 0.01 0.11
L80 Supercritical 30 50 2.774 [35] 7 0.315 0.04 0.01 0.11
L80 Vapour 0.5 60 1.5568 [36] 30 022 1.2 0.5

L80 Vapour 0.5 90 1.0627 [36] 30 022 1.2 0.5

L80 Vapour 0.5 150 1.3941 [36] 30 022 1.2 0.5

L80 Vapour 0.5 60 1.467 [36] 30 022 1.2 0.5

L80 Vapour 0.5 90 0.7794 [36] 30 022 1.2 0.5

L80 Vapour 0.5 150 2.0835 [36] 30 022 1.2 0.5

L80 Vapour 0.5 60 1.1466 [36] 30 022 1.2 0.5

L80 Vapour 0.5 90 0.9401 [36] 30 022 1.2 0.5

L80 Vapour 0.5 150 0.9807 [36] 30 022 1.2 0.5

L80 Vapour 0.5 60 1.0967 [36] 30 022 1.2 0.5

L80 Vapour 0.5 90 0.6833 [36] 30 022 1.2 0.5

L80 Vapour 0.5 150 1.0032 [36] 30 022 1.2 0.5

L80 Vapour 0.1 20 0.56 [37] 3 0.17 0.81 0.014 0.003
L80 Vapour 0.1 20 0.49 [37] 3 0.21 0.82 0.015 0.031
L80 Vapour 0.1 20 0.45 [37] 3 0.17 0.81 0.014 0.003
L80 Vapour 0.1 20 0.52 [37] 3 0.21 0.82 0.015 0.031
L80 Vapour 0.1 20 0.89 [37] 3 0.17 0.81 0.014 0.003
L80 Vapour 0.1 20 0.29 [37] 3 0.21 0.82 0.015 0.031
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L80 Vapour 0.3 20 1.29 [37] 3 0.17 0.81 0.014 0.003
L80 Vapour 0.3 20 0.71 [37] 3 0.21 0.82 0.015 0.031
L80 Vapour 0.3 20 1.26 [37] 3 0.17 0.81 0.014 0.003
L80 Vapour 0.3 20 0.8 [37] 3 0.21 0.82 0.015 0.031
L80 Vapour 0.3 20 1.13 [37] 3 0.17 0.81 0.014 0.003
L80 Vapour 0.3 20 0.82 [37] 3 0.21 0.82 0.015 0.031
T95 Supercritical 41.37 38 15 [38] 7 033 1.01 0.03 0.79
T95 Supercritical 41.37 38 20 [38] 7 0.33 1.01 0.03 0.79
T95 Supercritical 41.37 38 17 [38] 7 0.33 1.01 0.03 0.79
T95 Supercritical 41.37 38 17.5 [38] 7 0.33 1.01 0.03 0.79
Q125 Supercritical 41.37 38 3.2 [38] 7 0.26 091 0.04 0.26
Q125 Supercritical 41.37 38 9.5 [38] 7 0.26 091 0.04 0.26
Q125 Supercritical 41.37 38 10 [38] 7 0.26 091 0.04 0.26
Q125 Supercritical 41.37 38 10 [38] 7 0.26 091 0.04 0.26
C110 Supercritical 41.37 38 13 [38] 7 03 101 0.01 0.78
C110 Supercritical 41.37 38 14.5 [38] 7 0.3 1.01 0.01 0.78
C110 Supercritical 41.37 38 9 [38] 7 0.3 101 0.01 0.78
P110  Vapour 4 100 6.1843 [39] 5 0.19 0.028 0.028
P110  Vapour 4 160 0.8754 [39] 5 0.19 0.028 0.028
P110  Vapour 4 90 0.9394 [40] 3

P110  Vapour 4 110 0.4491 [40] 3

P110  Vapour 0.1 100 0.64 [41] 7 0.26 0.028 0.028
P110  Vapour 2 100 0.76 [41] 7 0.26 0.028 0.028
P110  Vapour 4 100 091 [41] 7 0.26 0.028 0.028
P110  Vapour 6 100 0.83 [41] 7 0.26 0.028 0.028
Q125 Vapour 1 30 1.012 [42] 7 0.2 1.03 0.2 0.3
Q125  Vapour 2 30 0.9 [43] 7 0.15 046 0.2 0.15
Q125  Vapour 2 60 2.8 [43] 7 0.15 046 0.2 0.15
Q125  Vapour 2 90 3.6 [43] 7 0.15 046 0.2 0.15
Q125 Vapour 2 120 2.4 [43] 7 0.15 0.46 0.2 0.15
2205(;\;1 Supercritical 9.5 50 0.0003 [44] 4 0.02 20 25 4.5
2205(1"\;1 Supercritical 13 80 0.001 [44] 4 0.02 20 25 4.5
2205(12\;1 Supercritical 16 110 0.0001 [44] 4 0.02 20 25 4.5
2205(51 Supercritical ~ 18.2 130 0.00005 [44] 4 0.02 20 25 4.5
2205(12\;1 Supercritical 9.5 50 0.00006 [44] 4 0.02 20 25 4.5
2205(; Supercritical ~ 13.5 80 0.00009 [44] 4 0.02 20 25 4.5
2205%2' Supercritical 17 110 0.00011 [44] 4 0.02 20 25 45
2205(; Supercritical ~ 21.5 130 0.00005 [44] 4 0.02 20 25 4.5
13Cr Supercritical 9.5 50 0.003 [44] 4 0.195 13
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13Cr Supercritical 13 80 0.0038 [44] 4 0.195 13

13Cr Supercritical 16 110 0.009 [44] 4 0.195 13

13Cr Supercritical 18.2 130 0.003 [44] 4 0.195 13

13Cr Supercritical 9.5 50 0.00033 [44] 4 0.195 13

13Cr Supercritical  13.5 80 0.0006 [44] 4 0.195 13

13Cr Supercritical 17 110 0.0008 [44] 4 0.195 13

13Cr Supercritical — 21.5 130 0.0004 [44] 4 0.195 13

22Cr Supercritical 9.5 50 0.0007 [44] 4 0.03 22 5 3
22Cr Supercritical 13 80 0.0008 [44] 4 0.03 22 5 3
22Cr Supercritical 16 110 0.0004 [44] 4 0.03 22 5 3
22Cr Supercritical 18.2 130 0.0001 [44] 4 0.03 22 5 3
22Cr Supercritical 9.5 50 0.00006 [44] 4 0.03 22 5 3
22Cr Supercritical 13.5 80 0.0001 [44] 4 0.03 22 5 3
22Cr Supercritical 17 110 0.00014 [44] 4 0.03 22 5 3
22Cr Supercritical  21.5 130 0.00006 [44] 4 0.03 22 5 3
13Cr  Vapour 0.1 60 0.002 [45] 29.167 046 13.39 0.13 0.03
13Cr  Vapour 6 60 0.0002 [45] 29.167 046 13.39 0.13 0.03
1Cr Vapour 0.1 60 0.0059 [45] 29.167 043 1.05 0.04 0.22
1Cr Vapour 6 60 0.0015 [45] 29.167 043 1.05 0.04 0.22
13Cr Vapour 0.2 50 0.1 [46] 90 0.029 12.78 5.12 223
22Cr  Vapour 0.2 50 0.01 [46] 90 0.23 2291 5.65 3.21
P110  Vapour 0.2 50 0.18 [46] 90 0.25 1.06 0.025 0.65
J55 Supercritical 9.5 70 0.1 [47] 12.5

J55 Supercritical 9.5 70 0.1 [47] 12.5

N80 Supercritical 9.5 70 0.1 [47] 12.5

N80 Supercritical 9.5 70 0.1 [47] 12.5

J55 Supercritical 9.5 70 2 [47] 4.67

J55 Supercritical 9.5 70 0.2 [47] 4.67

N80 Supercritical 9.5 70 1.15 [47] 4.67

N80 Supercritical 9.5 70 0.2 [47] 4.67

J55 Vapour 0.5 65 33 [48] 2 0.36 0.051 0.009

J55 Vapour 1 65 6.7 [48] 2 0.36 0.051 0.009

J55 Vapour 1.5 65 5.9 [48] 2 0.36 0.051 0.009

J55 Vapour 2.5 65 4.7 [48] 2 0.36 0.051 0.009

J55 Vapour 3 65 3.5 [48] 2 0.36 0.051 0.009

J55 Vapour 5 65 3.95 [48] 2 0.36 0.051 0.009

J55 Vapour 7 65 52 [48] 2 0.36 0.051 0.009

J55 Supercritical 9 65 5.2 [48] 2 0.36 0.051 0.009

J55 Supercritical 11 65 5.2 [48] 2 0.36 0.051 0.009

J55 Supercritical 13 65 5.2 [48] 2 0.36 0.051 0.009

J55 Supercritical 15 65 5.2 [48] 2 0.36 0.051 0.009

J55 Vapour 5 30 0.09 [49] 3 0.38 0.09

J55 Vapour 5 48 0.088 [49] 3 0.38 0.09
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J55 Vapour 5 55 0.13 [49] 3 0.38 0.09

]J55 Vapour 5 65 0.148 [49] 3 0.38 0.09

N80 Vapour 0.5 50 6.5 [50] 2 0.33 0.013 0.026 0.016
N80 Vapour 1 50 9.5 [50] 2 0.33 0.013 0.026 0.016
N80 Vapour 2 50 12 [50] 2 0.33 0.013 0.026 0.016
N80 Vapour 3 50 9.5 [50] 2 0.33 0.013 0.026 0.016
N80 Vapour 4 50 9 [50] 2 0.33 0.013 0.026 0.016
N80 Vapour 5 50 3.8 [50] 2 0.33 0.013 0.026 0.016
N80 Supercritical 10 50 1.8 [50] 2 0.33 0.013 0.026 0.016
N80 Supercritical 10 65 8.4 [50] 2 0.33 0.013 0.026 0.016
N80 Supercritical 10 80 11.8 [50] 2 0.33 0.013 0.026 0.016
N80 Vapour 0.15 100 0.75 [51] 3 0.26 0.148 0.028 0.028
N80 Vapour 0.6 100 1.15 [51] 3 0.26 0.148 0.028 0.028
N80 Vapour 1 100 2.25 [51] 3 0.26 0.148 0.028 0.028
N80 Vapour 4 100 7.2 [51] 3 0.26 0.148 0.028 0.028
N80 Vapour 0.1 80 4.65 [52] 3 0.19 0.55 0.14
3Cr Vapour 0.1 80 2.9 [52] 3 0.1 3.75 0.25
3Cr Vapour 0.1 80 3.25 [52] 3 0.11 3.3 0.21
N80 Vapour 8 45 0.056 [53] 32 0.29 0.24 0.08 0.09
L80 Vapour 1 25 0.2334 [54] 2 0.22 0.013

L80 Vapour 4 25 0.3905 [54] 2 0.22 0.013

L80 Vapour 6 25 0.4044 [54] 2 0.22 0.013

L80 Vapour 1 25 0.254 [54] 2 0.22 0.013

L80 Vapour 4 25 0.347 [54] 2 0.22 0.013

L80 Vapour 6 25 0.4681 [54] 2 0.22 0.013

L80 Vapour 0.1 80 0.13 [55] 5 0.43 0.25

L80 Vapour 0.1 80 0.13 [55] 5 043 095 0.25

L80 Vapour 0.1 80 0.3 [55] 5 011 34 015 06
C110 Supercritical 10.8 120 0.55 [56] 7 0.27 0.04 0.72
P110  Vapour 5 90 1.12 [57] 15 0.25 0.15 0.032 0.27
P110  Vapour 5 90 1.08 [57] 15 0.26 299 0.043 0.19
P110  Vapour 5 90 1.57 [57] 15 0.25 5.11 0.041 0.21
P110  Vapour 0.5 120 0.03 [58] 1 0.26 0.01
P110 Vapour 1.5 120 2.23 [58] 1 0.26 0.01
P110  Vapour 3 120 1.1 [58] 1 0.26 0.01
N80 Vapour 0.5 120 0.03 [58] 1 0.24 0.021
N80 Vapour 1.5 120 1.5 [58] 1 0.24 0.021
P110  Vapour 0.1 90 4.2 [59] 5 0.22 0.18 0.01 0.03
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Abstract

Field, mineralogical and petrochemical studies of the
Precambrian Basement Complex rocks around Akung-
ba-Akoko were carried out with the aim of determin-
ing their petrology, petrochemical characteristics and
petrogenesis. The petrology of Akungba-Akoko area
comprises migmatite, granite gneiss and biotite gneiss
intruded by biotite granite, charnockite and minor fel-
sic and basic rocks. Seventeen representative samples
of the granite gneiss, biotite gneiss, biotite granite
and charnockite were collected during field geological
mapping of the area for petrographic and geochemical
analyses. Modal mineralogy revealed that the granite
gneiss, biotite gneiss and granite have assemblages of
quartz + feldspar + mica + hornblende + opaques and
are granitic in composition. The charnockite is charac-
terized by anhydrous mineral assemblage of quartz +
feldspar + biotite + hornblende + pyroxene + opaques.
Petrochemical data of the rocks revealed that they are
moderately to highly enrich in SiO,, sub-alkaline, per-
aluminous, magnesian to ferroan and calcic and have
K/Rb < 283. The geochemical characteristics and dis-
crimination of the rocks indicated that the granite
gneiss and biotite gneiss are orthogneisses formed
by metamorphism of igneous protoliths of granitic
composition and the biotite granite and charnockite
are of igneous/magmatic origin. The biotite granite,
charnockite and the igneous protoliths of the biotite
gneiss are I-type granitoids formed from crustal igne-
ous-sourced melt(s), while the igneous protoliths of the
granite gneiss is a S-type granitoid probably derived

Povzetek

Z namenom dolocitve petrologije, petrokemicnih
znacilnosti in petrogeneze so bile na obmocju Akungba-
Akoko izvedene terenske, mineralo$ke in petrokemicne
raziskave predkambrijskih kamnin podlage. Petrologijo
obmocja Akungba-Akoko sestavljajo migmatit, granitni
gnajs in biotitni gnajs, intrudirani z biotitnim granitom,
charnokitom in manj$imi felsi¢nimi in bazi¢nimi kamn-
inami. Med terenskim geoloSkim kartiranjem obmocja
je bilo zbranih sedemnajst reprezentativnih vzorcev
granitnega gnajsa, biotitnega gnajsa, biotitnega granita
in charnokita za petrografske in geokemicne analize.
Modalne mineraloSke preiskave so pokazale da gran-
itni gnajs, biotitni gnajs in granit vsebujejo kremen +
glinence + sljudo + rogovaco + neprozorne minerale in
so granitni v kompoziciji. Charnokit je karakteriziran
kot nehidriran mineral sestavljen iz kremena + glinavca
+ biotita + rogovace + piroksena + neprozornega min-
erala. Petrokemicni podatki kamnin kazejo, da so sred-
nje do visoko bogate z Si0,, sub-alkalne, peraluminaste,
magnezijske do Zelezove, Kalcijske in imajo razmerje
K/Rb < 283. Geokemictne karakteristike in diskrimi-
nacije kamnin kaZejo, da so granitni gnajsi in biotitni
gnajsi ortognajsi, nastali s preobrazbo magmatskih
protolitov granitne kompozicije in da so biotitni graniti
in charnokiti magmatskega nastanka. Biotitni granit,
charnokit in magmatski protoliti biotitnih gnajsov so
granitoidi I-tipa, nastali s taljenjem skorje, medtem
ko so magmatski protoliti granitnih gnajsov granitoidi
S-tipa, verjetno nastali iz taljenja plitve skorje ali sedi-
mentov. Tektonska diskriminacija kamnin prikazuje, da
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from shallow crustal or sedimentary-sourced melt(s). so nastale med stopnjo vulkanske aktivnosti povezane

Tectonic discrimination of the rocks indicated that they s trkom in subdukcijo.

were formed during a phase of magmatic activity relat-

ed to collision and subduction. Klju¢ne besede: granitoidi, mineralogija, ortognajsi,
petrogeneza, petrokemija

Keywords: granitoids, mineralogy, orthogneisses, pe-

trogenesis, petrochemistry
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Introduction

The Precambrian Basement Complex rocks of
Akungba-Akoko area form a part of the south-
western Nigerian Basement Complex (Fig-
ure 1). The Nigerian Basement Complex lies
within the reactivated Pan-African mobile belt
extending between the West African Craton in
the west and the Congo Craton in the south-
east [1, 2]. It comprises three major lithological
units: the Migmatite-Gneiss Complex, the Schist
Belts and the Older Granites, which intrude the
former two units [3].

The petrology, mineralogy, geochemical char-
acteristics, structure, petrogenesis (origin)
and other features of the Basement Complex
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rocks of Nigeria, particularly the Schist Belts,
have been studied to considerable details by
several researchers [4-10]. However, there are
still more work to be done, particularly on the
Migmatite-Gneiss Complex and the Pan-African
granitoids (Older Granite suite and charnockitic
rocks), in order to determine their petrogenesis
(origin) and possible evolutionary models, tec-
tonics, ages and correlation with similar rock
groups in other parts of the world [1, 11, 12].
In view of the above, this paper presents field,
mineralogical and petrochemical data of the
Migmatite-Gneiss Complex rocks and gran-
itoids around Akungba-Akoko and discusses
their petrology, mineralogy and petrochemical
characteristics and petrogenesis.
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Figure 1: (a) Regional geological map of Nigeria within the Pan-African mobile belt between the West African and Congo
Cratons and (b) outline geological map of Nigeria showing Akungba-Akoko in the southwestern Nigerian Basement Complex

(modified after [3]).

Methods

Geological mapping of Akungba-Akoko area on
a scale of 1:20,000 was carried out to deter-
mine the rock types occurring in the area and
their structural relationships. Seventeen fresh
representative rock samples comprising five
granite gneiss, four biotite gneiss, four biotite

granite and four charnockite were collected for
petrographic and geochemical analyses. Thin
sections of seven samples were prepared and
studied, and modal compositions were deter-
mined using a transmitted light microscope
at the Department of Geology, University of
Ibadan, Nigeria. Major and trace element geo-
chemical analyses of ten rock samples were
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carried out using the Energy Dispersive X-Ray
Fluorescence (ED-XRF) machine (PANalytical
model) at the National Geosciences Research
Laboratory, Kaduna, Nigeria. The samples were
crushed and pulverised to <63 pm. About 15 g
of the pulverised samples were used to make
glass beads and pressed pellets, which were
slotted into the computerised ED-XRF spec-
trometer for major and trace elemental analy-
ses, respectively. The laboratory results were
interpreted using discrimination diagrams to
determine their petrochemical characteristics
and petrogenesis.

Results and Discussion

Petrology and Mineralogy

The petrology of Akungba-Akoko area com-
prises mainly Migmatite-Gneiss Complex rocks
intruded by Pan-African granitoids (Figure 2).
The Migmatite-Gneiss Complex rocks occurring
in the area are migmatite, granite gneiss and bi-
otite gneiss. Granite gneiss is the predominant
rock type covering more than 85% of the area.
The granite gneiss is intruded by biotite gran-
ite, which trends NE-SW from the central to the
northeastern end of the area. In the north-cen-
tral part of the area, a core of charnockite and
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Figure 2: Geological map and schematic cross-section of Akungba-Akoko area, southwestern Nigeria.

an enclave (large xenolith) of biotite gneiss oc-
cur within the granite gneiss. This lithologic as-
sociation suggests that the charnockite is intru-
sive into the granite gneiss; hence, it is younger
than the latter and the biotite gneiss is proba-

RMZ - M&G | 2019 | Vol.66 | pp.173-184

bly older than the granite gneiss. Field photo-
graphs and modal compositions of the various
lithologies are shown in Figure 3 and Table 1,
respectively.
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Figure 3: Field photographs showing (a) granite gneiss intruded by pegmatites (folded and faulted), (b) folded biotite gneiss, (c)

2 by A 3R W

biotite granite containing massive melanocratic segregations and (d) boulders of charnockite in Akungba-Akoko.

Table 1: Average modal mineralogical compositions of Akungba-Akoko Basement Complex rocks.

Minerals (vol.%) GGN1b GGN2b BGN1b BGN2b BG1b BG2b Ch1b
Quartz 29.40 26.60 26.40 26.40 25.30 21.40 22.30
K-feldspar 28.60 23.30 21.60 23.40 22.30 18.00 18.30
Plagioclase feldspar 34.50 35.20 31.00 33.20 32.00 28.30 32.30
Biotite 6.10 8.40 10.10 10.20 14.90 25.40 8.40
Hornblende - 3.30 8.50 5.10 3.20 5.10 6.00
Muscovite 0.90 2.50 1.40 1.20 2.00 1.00 5.30
Opaque 0.60 0.70 0.90 0.60 0.80 0.90 0.40
Pyroxene - - - - - - 7.70
Total 100.10 100.00 99.90 100.10 100.50 100.10  100.70

GGN - granite gneiss, BGN - biotite gneiss, BG - biotite granite, Ch — charnockite.

The granite gneiss of Akungba-Akoko area
(Figure 3a) is weakly to moderately foliated,
light grey and medium to coarse grained with
a megacrystic (blastoporphyritic to porphy-
roblastic) fabric. It is composed of alternating
bands of light- and dark-coloured minerals,

most of which are folded. The light-coloured
bands are quartz and feldspar rich, while the
dark-coloured bands are rich in biotite, horn-
blende and other ferromagnesian minerals.
Quartz and feldspar are the porphyroblasts
in the gneiss, and they often have an augen

Petrochemistry and petrogenesis of the Precambrian Basement Complex rocks around Akungba-Akoko, southwestern Nigeria
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Figure 4: QAP diagrams for classifying (a) the gneisses and biotite granite (after [14]) and (b) charnockite (after [15]) of

Akungba-Akoko.

(eye-like) shape. The granite gneiss, in some
locations, contains garnets and quartzitic in-
clusions. The rock mainly trends WNW-ESE to
ENE-WSW with moderate to steep dips to the
south. Pegmatites, vein quartz, quartz lenses,
basic dykes and sills are abundant in the granite
gneiss, sometimes giving the gneiss a migmatit-
ic appearance.

Biotite gneiss occurs in the northern part of the
area forming mountains/ridges, which extends
northwards to Ikare-Akoko area and beyond.
[5, 13] referred to this rock as grey gneiss. The
rock is composed essentially of quartz, feldspar
and biotite (Table 1) and is dark grey, medium
grained and strongly foliated with thin alternat-
ing bands of light- and dark-coloured minerals
(Figure 3b). A ridge of migmatite composed of
granite gneiss, biotite gneiss, granite, aplite,
pegmatite and vein quartz extends from the
southwestern part of Akungba to Supare-Akoko
area in the ENE-WSW direction. The rock is
highly deformed with the component rocks
being intricately mixed and folded. Ptygmatic
folds, faults and joints trending in different di-
rections are abundant in this rock.

The biotite granite intruding granite gneiss in
Akungba-Akoko is very rich in biotite and horn-
blende giving it a very dark colour. The granite

RMZ - M&G | 2019 | Vol.66 | pp.173-184

is medium to coarse grained; rich in quartz,
feldspar, biotite and hornblende (Table 1) and
contains massive melanocratic segregations of
biotite, hornblende and iron (Figure 3c). The
coarse-grained, dark-coloured charnockite
(Figure 3d) with a shining appearance occur-
ring in the granite gneiss is pyroxene-bear-
ing (Table 1) and rich in quartz, feldspar, bio-
tite and muscovite. The charnockite occurs as
boulders, some of which are weathered. Minor
rocks occurring in the area include pegmatite,
vein quartz, aplite, and basic dykes and sills are
often found as intrusives within the gneisses
and migmatite. The QAP diagrams of [14, 15]
revealed that the granite gneiss, biotite gneiss
and biotite granite are granitic in composition
(Figure 4a) and the charnockite is a true char-
nockite (Figure 4b).

Petrochemistry and Petrogenesis

Petrochemical data of the basement rocks
around Akungba-Akoko (Tables 2 and 3) re-
vealed that the rocks have moderate to high SiO,
contents: granite gneiss (73.86-74.58 wt.%),
biotite gneiss (67.80-73.62 wt.%), biotite
granite (59.83-60.06 wt.%) and charnockite
(57.50-59.70 wt.%). Based on silica contents,
the gneisses are classified as acidic rocks, while

Ogunyele A.C,, Oluwajana O.A., Ehinola I.Q., Ameh B.E., Salaudeen T.A.



Table 2: Major element compositions (in wt.%) of the Basement Complex rocks of Akungba-Akoko.

179

Major Granite gneiss Biotite gneiss  Biotite granite Charnockite
oxides
GGN1 GGN2 GGN3 BGN1 BGN2 BG1 BG2 Ch1l Ch2 Ch3
Sio, 74.40 73.86 74.58 73.62 67.80 60.06 59.83 5750 5872 59.70
Tio, 0.18 0.23 0.32 0.50 0.69 1.00 1.03 1.09 0.98 0.88
ALO, 13.40 13.84 13.52 12.60 14.63 16.77 17.04 1790 16.78 15.20
Fe,0, 3.26 3.83 3.68 3.58 5.33 6.66 6.68 6.70 6.68 6.73
MnO 0.03 0.06 0.04 0.05 0.04 0.13 0.15 0.25 0.26 0.13
MgO 0.27 0.32 0.21 0.76 1.00 3.02 292 2.41 3.02 3.11
Ca0 3.00 2.89 2.04 3.01 4.18 5.54 6.05 7.11 6.93 7.02
Na,0 2.01 1.75 1.80 1.62 2.06 0.84 0.67 0.86 0.72 0.70
K,0 2.40 2.59 3.00 3.63 2.54 2.29 2.39 2.35 2.37 3.03
PO, ND ND ND ND ND ND ND 0.01 ND 0.01
LOI 0.51 0.58 0.71 0.90 1.40 3.25 3.03 2.86 3.15 2.45
TOTAL 99.46 99.95 99.90 100.27 99.67 99.56 99.79 99.04 99.61 98.96
GGN - granite gneiss, BGN - biotite gneiss, BG - biotite granite, Ch — charnockite.
Table 3: Trace element compositions (in ppm) of the Basement Complex rocks of Akungba-Akoko.
Trace Granite gneiss Biotite gneiss  Biotite granite Charnockite
elements eN1  GGN2 GGN3 BGN1 BGN2 BG1  BG2 Ch1 Ch2 Ch3
Ba 300 470 310 510 240 580 684 815 722 814
Co 5 6 4.9 3 1 3 4 3.8 4 2
Cr 0.38 0.3 0.28 0.2 0.27 1 2 2 2 1
Nb 7 5 4 2 2 1 2 3 3 2
Ni 8 7 6 3 12 6 9 7 5 4
Rb 82 90 122 100 130 120 100 98 120 116
Sc 2 3 3 1 1 1 1 3 1 -
Sr 110 90 116 88 40 138 150 14 167 132
Th 18 12 22 16 24 12 13 12 14 10
\'% 1 12.5 17 2 3 13.7 13 10 12 16
27 14 32 40 14 31 42 40 38 26
Zr 100 66 80 122 70 119 130 110 120 116
K/Rb 242.89 238.82 204.07 301.25 162.15 158.37 198.34 199.00 163.90 216.77

GGN - granite gneiss, BGN - biotite gneiss, BG - biotite granite, Ch — charnockite.
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Figure 5: Petrochemical diagrams for discriminating Akungba-Akoko granite gneiss, biotite gneiss, biotite granite and
charnockite. (a) K,0 + Na,O versus SiO, plot (after [17]), (b) K,O versus SiO, plot (after [18]), (c) Al,O/(Na,O + K,0) versus Al,O/

(CaO + Na,0 +K,0) molecular plot (after [19]), (d) AIZO/(CaO +Na,0 +K,0) versus SiO, (after [20]), (e) FeO

versus SiO, (after [21]) and (f) K,O + Na,0 - CaO versus SiO, plot (after [21]).

rota/(Feotota/ + Mgo)

the biotite granite and charnockite are classi-
fied as intermediate rocks. AlL,O, in the rocks
range from 12.60 to 17.90 wt.%. The moder-
ate to high silica and alumina contents of these

rocks are correlatable with their high quartz
and feldspar contents (Table 1). Fe,0, and
MgO are relatively higher in the charnockite
(Fe,0,: 6.68-6.73 wt.%; Mg0: 2.41-3.11 wt.%),
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Figure 6: Petrochemical diagrams of (a) TiO, versus SiO, (after [22]) and (b) Rb versus Nb + Y (after [25]) for determining the
petrogenesis and tectonic settings of Akungba-Akoko granite gneiss, biotite gneiss, biotite granite and charnockite.

biotite granite (Fe,0,: 6.66-6.68 wt.%; MgO:
2.92-3.02wt.%) and biotite gneiss (Fe,0,: 3.58-
5.33 wt.%; Mg0: 0.76-1.00 wt.%) compared
to the granite gneiss (Fe,0,: 3.26-3.83 wt.%;
MgO: 0.21-0.32 wt.%). This is as a result of
the higher amount of mafic minerals (biotite +
hornblende + pyroxene + opaques) in the char-
nockite, biotite granite and biotite gneiss rela-
tive to the granite gneiss. CaO is relatively high-
er than Na 0 and K, O in almost all the rocks. All
the rocks are also characterized by low to mod-
erate Ba and low Cr, Nb and V contents pointing
to a felsic to intermediate composition. The av-
erage K/Rb ratios of the rocks (granite gneiss:
228.59, biotite gneiss: 231.70, biotite granite:
178.35 and charnockite: 193.22) are less than
that of crustal rocks (283) [16], therefore sug-
gesting crustal sources of the rocks.

Geochemical discrimination of the rocks in
the area using the Na,0 + K,O versus SiO, plot
[17] revealed that they are sub-alkaline rocks
(Figure 5a). On the K,O versus SiO, plot [18],
the biotite and granite gneisses are essentially
medium-K calc-alkaline rocks, while the bio-
tite granite and charnockite are high-K calc-al-
kaline rocks (Figure 5b). All the rock samples
except one charnockite sample are plotted
within the peraluminous field of the Al O,/
(Na,O + K,0) versus AlL0,/(Ca0 + Na,0 + K,0)
molecular plot of [19] (Figure 5c). The ALO,/
(Ca0 + Na,O + K,0) versus SiO, plot [20] fur-
ther distinguished the granite gneiss as S-type

peraluminous granitoid and the biotite gneiss,
biotite granite and charnockite as I-type per-
aluminous granitoids (Figure 5d). The biotite
and granite gneisses are ferroan, while the bi-
otite granite and charnockite are essentially
magnesian (Figure 5e). The magnesian nature
of the biotite granite and charnockite is due to
low FeO, /(FeO, +MgO) and SiO, relative to
the gneisses. All the rocks are calcic as shown
by the K,0 + Na,0 — CaO versus SiO, plot ([21])
(Figure 5f).

The granite gneiss, biotite gneiss, biotite gran-
ite and charnockite of the Akungba-Akoko area
plot within the igneous field on the TiO, versus
Si0, discrimination diagram [22] (Figure 6a).
This suggests that the granite gneiss and bio-
tite gneiss of the area are orthogneisses and
are formed by metamorphism of igneous pro-
toliths, and the biotite granite and charnockite
are of igneous origin. The moderate to high sili-
ca contents, K/Rb values (<283), sub-alkalinity
and I-type peraluminous nature of the biotite
granite, charnockite and biotite gneiss indicate
that they are I[-type granitoids. This suggests
that the biotite granite, the charnockite and
the igneous protoliths of the biotite gneiss are
formed from crustal igneous-sourced melt(s)
[21, 23, 24]. The igneous protoliths of the gran-
ite gneiss were probably formed from shallow
crustal or sedimentary-sourced melt(s) as in-
dicated by its S-type peraluminous character,
occasional appearance of garnets and other
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Al-silicate (especially muscovite) in its mineral-
ogy as well as presence of quartzite inclusions
in the rock at some locations.

Tectonic discrimination of Akungba-Akoko
rocks revealed that they are all volcanic arc
granitoids (Figure 6b) suggestive of rocks
formed during a phase of magmatic activity re-
lated to collision and subduction [20, 25].

Conclusion

This study discussed the petrology, mineralogy,
petrochemistry and petrogenesis of the Base-
ment Complex rocks around Akungba-Akoko.
The area is underlain mainly by migmatite,
granite gneiss, biotite gneiss, biotite granite
and charnockite. The gneisses in the area are
orthogneisses formed by metamorphism of
igneous protoliths of granitic composition.
The biotite granite and charnockite are of ig-
neous/magmatic origin. The biotite granite,
charnockite and the igneous protoliths of the
biotite gneiss were formed from crustal igne-
ous-sourced melt(s), while the igneous proto-
liths of the granite gneiss were probably derived
from shallow crustal or sedimentary-sourced
melt(s). These basement rocks are volcanic arc
granitoids formed during a phase of magmatic
activity related to collision and subduction.
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Heavy Mineral Distribution in the Lokoja and Patti
Formations, Southern Bida Basin, Nigeria: Implications
for Provenance, Maturity and Transport History

Razsirjenost tezkih mineralov v formacijah Lokoja in Patti:
poreklo, zrelost in zgodovina transporta

Bankole, S. I.*, Akinmosin, A., Omeru, T. and Ibrahim, H. E.
University of Lagos, Faculty of Science, Department of Geosciences, Akoka, Lagos, Nigeria
*sbankole@unilag.edu.ng

Abstract

Heavy mineral component of 13 samples from the
Lokoja and Patti Formations, Bida Basin have been
studied for their textural characteristics, compositional
abundance, maturity and provenance determinations.
The suite of heavy minerals encountered is classified as
opaque and non-opaque constituents. The non-opaque
components include zircon, tourmaline, rutile, garnet,
staurolite, epidote, kyanite, titanite, lawsonite, cassit-
erite, sillimanite, hornblende, hypersthene and andalu-
site. The assemblage is generally dominated by zircon
and tourmaline in the two formations. The constituent
heavy minerals identified are dominated by ultra-sta-
ble and stable classes, whereas the ZTR indices indicate
mineralogical immaturity coupled with textural imma-
turity of the constituent grains. This suggests the pos-
sible dominance of chemical weathering of the source
rock. The suites of minerals recovered have been linked
to both metamorphic and non-metamorphic crystalline
rock origins.

Key words: heavy mineral, zircon, tourmaline, minera-
logical analysis

Povzetek

Komponente tezkih mineralov trinajstih vzorcev iz for-
macij Lokoja in Patti v bazenu Bida so bile preiskovane
glede na teksturne lastnosti, pogostost, zrelost in do-
lo¢itve porekla. Nabor proucevanih tezkih mineralov
je razvrsCen na neprozorne in prozorne sestavne dele.
Prozorne komponente vkljuCujejo cirkon, turmalin,
rutil, granat, stavrolit, epidot, kianit, titanit, lavsonit,
kasiterit, silimanit, rogovaco, hipersten in andaluzit.
V sestavi formacij ve¢inoma prevladujeta cirkon in tur-
malin. Med tezkimi minerali prevladujejo ultra stabilni
in stabilni razredi, medtem ko indeksi ZRC izkazujejo
mineraloSko nezrelost, povezano s teksturno nezre-
lostjo sestavnih zrn. To nakazuje na mogoco prevlado
kemijskega preperevanja mati¢ne kamnine. Pridobljeni
minerali so povezani tako z metamorfnim kot ne meta-
morfnim kristalnim nastankom.

Kljucne besede: tezki minerali, cirkon, turmalin, mine-
raloska analiza
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Introduction

The Intracratonic Bida Basin (Nupe or Middle
Niger Basin) is one of the inland sedimentary
basins of Nigeria [1], located roughly at the
mid-central Nigeria (Figure 1). It is a north-
west-southeast trending basin contiguous with
the Anambra Basin. It extends from Kontag-
ora, Niger State to Dekina, Benue State with
a length of about 400 km and a width approx-
imating 160 km [2]. Sediment accumulation
in the basin commenced from Campanian and
continued through the Maastrichtian [3] with
fills ranging between 3.5 and 4.5 km thickness
[4, 5] at the central part of the basin. Several
research papers have been published on the
evolution and stratigraphy of the basin.

Rift origin in connection with the aulacogen
Benue Trough of Nigeria consequence to the
separation of the South American and African
continents in the Late Jurassic has been sug-
gested for the Bida Basin [6-8]. This rifting re-
sulted in the generation of series of horst and
graben structures that characterizes the floor
of the Bida Basin.

On the basis of geographical and lateral facies
variation, the basin has been divided into the
northern and southern sub-basins (Figure 1).
In the southern Bida sub-basin, the oldest sed-
imentary unit, lying non-conformably on the
Precambrian to Lower Paleozoic crystalline
basement complex is the fluviatile Lokoja For-
mation (Figure 2). Patti Formation conform-
ably overlies the Lokoja Formation (Figure 3).
Observations at the base of Agbaja Plateau and
also at the Ahoko Village mine indicate mixed
marine and continental deposition environ-
ments for the Patti Formation. Literature ac-
counts revealed that the formation consists of
sandstones, siltstones, mudstones and shale
in intercalation with bioturbated ironstones
[9, 10]. The marine series of the Patti Forma-
tion is exposed at an abandoned mine in Ahoko
Village along Lokoja-Abuja Highway. This unit,
which constitutes part of the shale member of
the Patti Formation has been extensively re-
viewed, described and reported by several au-
thors [8, 10, 11-13]. The Agbaja Ironstone For-
mation caps the sequence of sediments in the
southern Bida Sub-basin. Agbaja Formation is
an intercalation of claystones, sandstones and
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Figure 1: Geological map of Nigeria. Box indicates the study
area.

Figure 2: Section of the Lokoja Formation exposed at Okumi,
along the Lokoja-Abuja Highway.

oolitic/massive ironstones. Ladipo et al. [14]
interpreted the sequence of the formation as
abandoned channel sands and overbank depos-
its with marine influence resulting in the for-
mation of the massive concretionary and oolitic
ironstones.

In the present study, we report on the distri-
bution and concentration of heavy minerals in
the Lokoja and Patti Formations. On the basis of
these, attempt is made to infer the provenance,
maturity and transport history of the sediments
of the formations. Detrital sediments are prod-
ucts of pre-existing igneous, metamorphic and
also sedimentary rocks. These rocks are com-
posed of diverse detrital minerals with some
being classified as placer minerals. The latter
are generally highly mechanically resistant
and survive the usual complex transportation
processes from source areas to the depocen-
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Figure 3: Section of the Patti Formation exposed near the
Agbaja Plateau along Lokoja — Agbaja road. The capping rock
(uppermost section) in this outcrop is the lower unit of Agbaja
Ironstone Formation.

ters. These characteristics have allowed the
use of heavy minerals in the study of sediment
provenance, maturity and transport history.
This method has been widely applied in fluvial
[15, 16], coastal-shallow marine [17, 18], deep
marine [19] depositional environments.

Materials and Methods

Materials

In total, 13 sediment samples (six from Loko-
ja Formation and seven from Patti Formation)
were subjected to heavy mineral analysis.
The analysis was carried out at the Sedimento-
logical Laboratory, Department of Geosciences,
University of Lagos, Nigeria.

Methods

Heavy mineral analysis in this study followed the
procedure of Suzuki [20] and Mange and Maur-
er [21] for heavy mineral separation. The heavy
liquid, Bromoform (CHBr3) with a density of
2.9 g/cc and viscosity of 0.068 poises was used.
The samples were air-dried for a week to dispel
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any moisture as they were collected during the
rainy season. Thereafter, the sediments were
gently disaggregated by squeezing between
fingers and filter paper or mortar and pestle in
the case of hard samples to liberate individual
grains. Each sample of 70 g was weighed and
sieved to obtain 62.5-500 microns size grains.
The individual sample was then poured into
the bromoform and stirred thoroughly to free
the samples of air bubbles. The particles were
allowed to settle for about 20 minutes, stirring
periodically to prevent the particles from ad-
hering to funnel wall. The heavy crop was re-
peatedly washed in excess acetone and distilled
water and air-dried and labelled. In all, 13 per-
manent mounts were made on slides using cou-
pled resin. Mineral identification on the basis of
their optical properties as proposed by Mange
and Maurer [21] and Lindholm [22] was con-
ducted on the samples.

More than 100 grains were counted from each
slide for statistical analysis. Rock fragments,
unidentifiable grains as well as authigenic and
opaque minerals were excluded from the total
sum to obtain uniform, comparable data on
transparent assemblages for the characteri-
zation of mineralogical provinces. The sum of
transparent minerals was recalculated to a val-
ue of 100% and the abundance of each heavy
mineral species was scaled accordingly. The
“ZTR” index which is the combined percentage
of zircon, tourmaline and rutile among the non-
opaque heavy minerals, omitting micas and au-
thigenic species was calculated using [23] for-
mula below:

Zircon + Tourmaline + Rutile
ZRT index = X 100
Non — opaque

ZTR index was calculated for the samples to as-
certain their mineralogical maturity. According
to Hubert [23], ZTR index <75% implies imma-
ture to sub-mature sediments and ZTR >75%
indicates mineralogically matured sediments.

Results and Discussions
Results

Heavy mineral concentration in the Lokoja and
Patti Formations is classified into opaque and

Heavy Mineral Distribution in the Lokoja and Patti Formations, Southern Bida Basin, Nigeria:
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non-opaque constituents. The opaque com-
ponents generally referred to as iron stained
heavy minerals require further chemical anal-
ysis to allow investigation under petrographic
microscope. This chemical analysis, however, is
beyond the scope of the present investigation
and no further serious attention apart from sta-
tistical consideration is accorded to this class
of heavy minerals herein. The recovered non-
opaque components common to the two for-
mations include the following: zircon, tourma-
line, rutile, garnet, staurolite, epidote, kyanite,
titanite, lawsonite, cassiterite, sillimanite,
hornblende, hypersthene and andalusite
(Plates 1-14). Kyanite, cassiterite, hypersthene,
staurolite, hornblende and lawsonite show rare
occurrences in the Lokoja Formation, except in
a sample (Lok2 S6) that has significant amount
of hornblende. Also, Kyanite, titanite, horn-
blende and garnet show rare occurrences in the
Patti Formation, kyanite occurs only in PAT S7
sample. The proportion of heavy mineral recov-
ered to the volume of sediment analysed is gen-
erally low and may not support any significant
economic prospect. Information on the propor-
tion of the heavy minerals recovered from the
two formations is provided in Tables 1 and 2.
Also, Tables 3 and 4 show the calculated ZRT%
index results.

The summary of the identification/classifica-
tion criteria and the significant characteristics
of each of the recovered heavy mineral are as
follow:

Zircon: Zircon grains (Plates 2, 3 and 6) are
prismatic, rounded to sub-rounded and some-
times contains fluid and mineral inclusions.
Prismatic grains frequently showed zonation
identified by fine bands parallel to the crystal
boundary (Plate 2). The colourless varieties are
more in abundance than the coloured varieties.
The grains are easily identifiable owing to their
very high relief and they are surrounded by
black halo (Plates 2, 3 and 6). They show weak
pleochroism and strong birefringence.
Tourmaline: Tourmaline grains (Plates 1, 2, 4
and 5) are prismatic, elongated, oval-shaped,
spherical, euhedral, sub-hedral to irregular in
shapes, with terminations at one or both ends
of prismatic variety. Moderate relief, mineral
inclusions (Plate 9) and overgrowths were fre-
quently observed (Plate 1). Colours vary from
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pale to pink, dark green (Plate 4), pale yellow-
ish, dark brown (Plate 4), very dark (almost
opaque, may be iron bearing; Plates 1 and 5)
and sometimes colourless. Colour zoning is
frequent, pleochroism sharp and distinctive.
Varicoloured varieties were also present (one
portion of the grain displays striking different
shades to the other).

Rutile: Rutiles (Plate 7) appeared as small and
sub-rounded slender prisms with well-devel-
oped terminations or breakage patterns. A
thick halo surrounds the grains because of their
extremely high refractive indices. Grains are
mostly brownish red to brownish black in co-
lours and show distinct pleochroism (Plate 7).
Kyanite: Kyanite grains (Plates 8 and 12) are
angular, or prismatic, dominantly colourless,
weakly pleochroic (uneven coloured pleochro-
ism) and exhibit characteristic cross-fractures
and step-like features (Plates 8 and 12). The
step-like uneven thickness resulted in a spec-
tacular arrangement of the interference colours
appearing in blue and grey on thicker and thin-
ner parts, respectively.

Sillimanites: Sillimanites (Plates 9, 11 and
13) are long, slender, prismatic or irregular in
shapes. Sillimanites show distinct cleavage,
pleochroic (pale brown to pale yellow), parallel
extinction, shows brilliant second- and third-or-
der interference colours with yellow, green and
pink as a dominant shades; slight twinkling is
noticeable on rotation.

Andalusite: Andalusite (Plates 2-4, 6 and 7),
mostly colourless and frequently enclose car-
bonaceous impurities. The rare manganoan
variety, viridine which is green in colour was
observed (Plate 4). They occur as prismatic,
sub-rounded to angular or of irregular mor-
phology; cleavage traces are poorly displayed.
Some grains are non-pleochroic, whereas oth-
ers display inhomogeneous pattern of pleo-
chroism. Due to their irregular shape and
uneven thickness, they display disorderly pat-
terned interference colours. Weak interference
colours are second-order orange and greenish
blue (Plates 2-4, 6, and 7).

Garnet: Garnets (Plates 1, 3-6), easily identi-
fiable because of their high relief and isotropic
nature are euhedral, rounded, sub-rounded
or irregular grains with uneven or conchoidal
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Table 1: Proportion (number of grains) of heavy minerals concentration in the sediments of Lokoja Formation.

Sample

Name S/N Zrn Tur Rt Grt St Ep Sil Tt And Ky M Cst Hbl Hyp Lws Opq
LOK1 1 4 3 1 4 - 4 - 4 - - 4 - - - - 22
S1
LOK1
S2B 2 5 13 1 1 - 8 11 2 7 3 9 - - - 3 236
LOK1
S4B 3 5 4 3 4 1 2 2 - 5 - 4 - - - - 142
L(S)gz 4 11 9 3 8 1 5 3 3 1 - 6 - 1 1 - 253
LoK2 5 6 3 4 2 - 3 - - 3 - - 4 7 1 - 245
S6
ngz 6 69 5 12 10 2 10 8 - 3 - 2 - - - 3 1560
TOTAL 100 37 24 29 4 32 24 9 19 3 25 4 8 2 6 2458

Note: Zrn = Zircon; Tur = Tourmaline; Grt = Garnet; St = Staurolite; Ep = Epidote; Sil = Sillimanite; Tt = Titanite; And = Andalusite;
Ky = Kyanite; Opq = Opaque, Hbl = Hornblende; Hyp = Hypersthene; Cst= Cassiterite; Lst = Lawsonite; M= Mica. S/N: Serial

Number.

Table 2: Proportion (number of grains) of heavy minerals concentrations in the sediment samples from Patti Formation.

CODE S/N Zrm Tur Rt Grt St Ep Sil Tt And Ky M Hbl Opq
PAT S1B 1 27 10 1 - 4 2 1 1 3 - - 1 303
PAT S2B 2 13 11 2 - - 4 - 3 - - 8 3 54
PAT S5B 3 4 4 2 1 6 - 2 - 3 - 4 - 201

PAT S7 4 10 9 2 4 13 10 8 4 8 2 - 4 1352
PAT S13 5 - - - - - - - - - - - - -
PAT S16 6 - - - - - - - - - - - - -

PAT S17B 7 3 4 8 1 - - 2 - 4 - - - 2420

TOTAL 57 38 15 6 23 16 13 8 18 2 12 8 4330

fractures. Colours vary from pinkish brown,
pale red, pale pink to colourless.

Titanite: Titanite (Plate 12) grain has a high
resinous lustre. Relief shows a slight twinkling
on rotation of the stage. The grain has a weak
pleochroism and good cleavage. High-order in-
terference colours in golden yellow and yellow-
ish white.

Staurolite: Staurolite (Plates 4, 11 and 14)
occurs as irregular or angular grains. Colour

ranges from pale yellow, golden yellow to dark
yellowish brown. They exhibit distinct pleo-
chroism (colourless to different shades of yel-
low).

Epidote: Epidote (Plates 2, 6 and 8) occurs as
irregularly shaped grains, yellowish green to
green coloured with fairly high relief. They ex-
hibit distinct pleochroism (colourless, pale yel-
low, yellowish green).
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Table 3: ZTR maturity index and individual percentage mineral of the sediment samples of Lokoja Formation.

TOTAL .-
CODE Zrn Tur Rt Grt St Ep Sil Tt And Ky M Cst Hbl Hyp Lst NON- Z+T+R 2
INDEX
OPAQUE
L(;'1(14314-4-4--4----24833.3
LOK1
op 5 131 1 - 8112 7 39 - - - 3 63 19 302
LOK1
sap 5 4 3 4 1.2 2 - 5 - 4 - - - - 30 12 400
9211 9 3 8 15 3 3 1 - 6 - 1 1 - 52 23 442
L(;l6(26342-3--3--471-33 13 394
L(S)gz 69 5 12 10 2 10 8 - 3 - 2 - - - 3 124 86 694

TOTAL 100 37 24 29 4 32 24 9 19 3 25 4 8 2 6 326 161 49.4
Individual mineral%
abundance

% 307 113 74 89 1.2 98 74 28 58 09 7.7 1.2 25 06 1.8

Average ZTR% Index = 42.8%

Total Opaque = 2458

Total Non-opaque = 326

Total Non-opaque excluding micas = 301

Table 4: ZTR maturity index and individual percentage mineral of the sediment samples of Patti Formation.

TOTAL ZTR%
CODE Zrn Tur Rt Grt St Ep Sil Tt And Ky M Cst Hbl Hyp Lst NON- Z+T+R 0
INDEX
OPAQUE
PAT
S1B 27 10 1 - 4 2 1 1 3 - - - 1 - - 50 38 76.0
PAT
S2B 13 11 2 - - 4 - 3 - - 8 - 3 - - 44 26 59.1
PAT
SSB 4 4 2 1 6 -2 - 3 - 4 - - - - 26 10 38.5
PSA7T 10 9 2 4 13 10 8 4 8 2 - - 4 - - 74 21 28.4
PAT
S17B 3 4 8 1 - -2 - 4 - - - - - - 22 15 68.2
TOTAL 57 38 15 6 23 16 13 8 18 2 12 - 8 - - 216 110 50.9
— : 0
% 264 17.6 69 2.8 10.6 7.4 60 3.7 83 09 56 - 37 - .  ndividualmineral%
abundance
Average ZTR% Index = 54.0%
Total Opaque = 4330
Total Non-opaque = 216
Total Non-opaque excluding micas = 204
Discussion nance of zircon. Tourmaline is the second most

The percentage proportions of the non-opaque abundant of the recovered minerals. Epidote
heavy mineral constituents (Figures 4 and 5) comes next in the Lokoja Formation with stau-
in Lokoja and Patti Formations show the domi- rolite in the Patti Formation. Epidote is present
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Figure 4: Overall percentage proportion of each non-opaque heavy mineral in the Lokoja Formation.

3.7%

0.9%

Non-opaque

u Zircon

B Tourmaline
® Rutile

u Garret

H Stawrolite
W Epidote

m Sillimanite
W Sphene

# Andalusite

 Kyanite

Figure 5: Overall percentage proportion of each non-opaque heavy mineral in the Patti Formation.

in all the samples of the Lokoja Formation but
only in three (3) samples of the Patti Formation.
Staurolite was recovered in three (3) samples
each of the Lokoja and Patti Formations. The
minerals with the lowest percentage proportion
are cassiterite, staurolite, kyanite and hyperst-
hene in the Lokoja Formation, whereas the low-
estin the Patti Formation is kyanite. Cassiterite,
lawsonite and hypersthene are totally absent in
the Patti Formation. In the heavy mineral stabil-
ity index of [24,25], hornblende, hypersthene

and andalusite are classified as unstable, epi-
dote, kyanite, garnet, sillimanite, titanite, law-
sonite, cassiterite as moderately stable, garnet,
staurolite as stable and zircon, tourmaline, ru-
tile as ultra-stable minerals. Consequent to the
proportion of the constituent heavy mineral in
the studied sections, the sediments of the Loko-
ja and Patti Formations are considered general-
ly stable as they are dominated by ultra-stable
and stable minerals.
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Figure 6: Bar chart of ZTR index of each selected samples of Lokoja Formation.
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Figure 7: Bar chart of ZTR index of each selected samples of Patti Formation.

The calculated ZTR% index for the two forma-
tions ranges from 30.2% to 69.4% in the Lokoja
Formation (Figure 6), whereas in the Patti For-
mation, it ranges from 28.4% to 76.0% (Fig-
ure 7). All, except one sample from the Loko-
ja Formation, have ZTR% index of <50%. This
low ZTR index indicates that the samples of
the Lokoja Formation are mineralogically im-
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mature. The ZTR index of the Patti Formation
shows only slight improvement with two sam-
ples having ZTR >50% and three having ZTR%
index of <50%. The mean percentage of ZTR
index for Lokoja Formation is 42.8%, whereas
that of Patti Formation is 54.0%. These show
the comparative mineralogical maturity advan-
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tage of the sediments of the Patti Formation
over their Lokoja counterparts.

Generally, very few rounded grains were
encountered in all the samples studied
(Plates 1-14). Most of the grains are either an-
gular or sub-angular, suggesting that the sed-
iments are from nearby sources and may not
have been transported far away from weather-
ing location. Hence, indicating textural immatu-
rity of the sediments of both formations.

The abundance of ultra-stable and stable heavy
minerals in an assemblage of texturally imma-
ture sediments grains (angular to sub-angu-
lar) is suggestive of the prevalence of chemical
weathering of the source rocks contributing
the heavy minerals to the studied formations.
Based on the constituent minerals in the stud-
ied sediments, mixed source ranging from high-
to low-grade metamorphic and non-metamor-
phic sources is suggested. The possibility of
contribution from low-grade metamorphic and
non-metamorphic sources is indicated with
dominance of zircon and tourmaline [26] in the
two formations. Mange and Maurer [21] have
linked the presence of lawsonite, hypersthene,
hornblende, cassiterite, kyanite, andalusite, sil-
limanite, titanite, epidote, staurolite, garnet to
high-grade metamorphic terrain. Also, Diek-
mann and Kuhn [27] attributed the dominance
of low maturity heavy mineral such as green
hornblende and garnet to high-grade metamor-
phic source. Rutile is generally linked to high-
grade metamorphic source.

Conclusion

Heavy mineral analysis of both Lokoja and
Patti Formations shows the predominance of
non-rounded heavy minerals suites indicat-
ing short transport history from the sediment
source, probably the southwest and north
central Basement Complex terrains. The ZTR
indices gave a general evidence of immature
sediment suites for the Lokoja and Patti For-
mations with the latter being more matured
than the former. Furthermore, the sediments
of both formations are stable as they are dom-
inated by ultra-stable and stable minerals. An
assemblage of stable heavy minerals in a suite
of texturally immature sediments validates
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the prevalence of chemical weathering of the
source rocks which contributed to Lokoja and
Patti Formations. The source of the sediments
from both formations is interpreted to be of
igneous and metamorphic terrain as indicated
by the dominance of zircon, tourmaline, rutile,
mica and opaque components.
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Appendix 1a

Plates 1-6

(1) (2)

Sample LOK1 S1: Tourmaline (Tur) grains, the ~ Sample LOK1 S2B: Epidote (Ep), Andalusite
lower grain showing secondary growth (And), Tourmaline (Tur) and Zircon (Zrn).
(overgrowth), Garnet (Grt), Mag. X40 Mag. X40

Sample LOK1 S4B: Zircon (Zrn), Garnet (Grt),  Sample LOK2 S2: Green coloured manganoan

Andalusite (And). Mag. X40 variety of Andalusite, Viridine (V), Staurolite
(St), brown Tourmaline (Tur), Garnet (Grt),
Hypersthene (Hyp), Zircon (Zrn). Mag. X40

&

Sample LOK2 S6: Dark Tourmaline (Tur), Sample LOK2 S8: Andalusite (And), Epidote
Garnet (Grt). Mag. X40 (Ep), Zircon (Zrn), Garnet (Grt). Mag. X40
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Appendix 1b
Plates 7-14

Sample LOK1 S4B: Tourmaline (Tur), Zircon 7 Sample LOK2 S8: Epidote (Ep), Kyanite (KY).
(Zrn), Andalusite (And), Rutile (Rt). Mag. X10 Mag. X40

10,

Sample PAT S1B: Sillimanite (Sil), Tourmaline Sample PAT S2B: Hornblemde (Hbl),
(Tur) with zircon inclusion. Mag. X40 Tourmaline (Tur). Mag. X40

Sample PAT S5B: Staurolite (St), Sillimanite (Sil).  Sample PAT S7: Andalusite (And), Zircon (Zrn),
Mag. X40 Kyanite (Ky), Titanite (Ttn), Tourmaline (Tur),
Mag. X40
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Sample PAT S17B: Andalusite (And), Sillimanite  Sample PAT S1B: Staurolite (St), Garnet (Grt),
(Sil), Opaque minerals (Opq). Mag. X10 Zircon (Zrn), Opaque minerals (Opq). Mag. X40
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Hidrogeoloski potencial in ocena zascitnih zmogljivosti vodonosnika
na obmocju Odeda v Nigeriji
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Abstract

Hydrogeological assessment of groundwater resources
was carried out with a view to evaluate the potential
of the aquifers to provide portable water supply and
access the distribution of electrical parameters of hy-
drogeologic units in some areas in Odeda, Ogun State,
Nigeria. A geophysical survey using vertical electrical
sounding (VES) with the Schlumberger electrode ar-
ray, with half-current electrode spacing (AB/2) varying
from 1 to 132 m was carried out at 30 different stations
in the study area. The VES data were interpreted qual-
itatively and quantitatively. Three-to-five sub-surface
layers consisting of topsoil, weathered layer consist-
ing of clay, sandy clay, clayey sand and sand layers, and
fractured/fresh basement were delineated. Layer resis-
tivities and thicknesses obtained on the curves within
the study area showed one main aquifer type, which is
the fractured basement. The longitudinal unit conduc-
tance (ranging from 0.049720 to 1.4520000 mhos) of
the study area aided the protective capacity to be rated
into good, moderate and weak. About 33% of the study
area falls within the weak protective capacity, 57% falls
within the moderate protective capacity and 10% falls
within the good protective capacity.

Key words: Groundwater potential, protective capaci-
ty, vertical electrical sounding, longitudinal unit con-
ductance, overburden thickness

Povzetek

Raziskava hidrogeoloskih podzemnih virov je potekala
zZ namenom ocenitve potenciala vodonosnika za zago-
tovitev preskrbe z vodo. Pri tem je bila narejena poraz-
delitev elektri¢nih parametrov hidrogeoloskih enot na
nekaterih obmocjih kraja Odeda. Uporabljena je bila
geofizikalna raziskava z navpi¢nim elektri¢cnim sondi-
ranjem (VES) z uporabo Schlumbergerjeve elektrodne
postavitve s polovi¢no razdaljo elektrode (AB/2), ki
je variirala med 1 in 132 m. Preiskava je bila izvedena
na 30 razli¢nih lokacijah. [zmerjeni podatki so bili in-
terpretirani kvalitativno in kvantitativno. Razmejenih
je bilo tri do pet podzemnih plasti, ki so jih sestavlja-
le: vrhnja plast, preperela plast (sestavljena iz gline,
pescene gline, zaglinjenega peska), pescena plast in
razpokana sveZa podlaga. Upornost in debelina posa-
meznih plasti kaZze na eno glavno vrsto vodonosnika
(razpokana podlaga). Glede na vzdolZzno prevodnost
(v obmoc¢ju med 0.049720 do 1.452000 mhos) razisko-
vanega obmocja je mogoce zascitno zmogljivost vodo-
nosnika razvrstiti v dobro, srednjo in slabo. Okoli 33%
raziskovanega obmocja lezi znotraj slabe, 57% znotraj
srednje in 10% znotraj dobre zasc¢itne sposobnosti.

Klju¢ne besede: potencial podzemne vode, zascitna
zmogljivost, navpicno elektricno sondiranje, vzdolzna
prevodnost, debelina nadkritja
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Introduction

In ensuring livelihood and sustainability across
the world, groundwater resources play a major
and concrete role. Consumption of groundwa-
ter as a feasible source of drinking, domestic,
industrial and agricultural needs has proven
to be not only safer but also more economical
than surface water, as it is commonly unpollut-
ed and available. In recent years, investigation
of groundwater sources has become a burn-
ing issue and a major concern as groundwater
basins are being rapidly stressed due to pop-
ulation explosion, high level of urbanisation,
industrialisation and other human activities.
Presently, the percentage increase in water us-
age on a global scale has exceeded twice that of
the population [1].

Pores and fractured rock formations in the
sub-surface are usually hosts of groundwater.
In the basement terrain, groundwater occurs
within the overlying unconsolidated material
derived directly from weathering of rocks and
fractured/faulted bedrock, while in the sedi-
mentary terrain, groundwater occurs within
the porous and permeable layer of the saturat-
ed zone in the sub-surface [2, 3]. Over the years,
groundwater exploration has been carried out
using geophysical methods, which include elec-
trical resistivity surveying, electromagnetic
techniques and seismic methods, to obtain ac-
curate information about the sub-surface set-
tings, such as aquifer’s nature, type and depth
of materials (consolidated or unconsolidated),
depth of weathered or fractured zone, depth to
groundwater, depth to bedrock and salt intru-
sions into groundwater [4].

Aquifers in the Precambarian basement com-
plex are vulnerable to surface or near-surface
contaminants as they commonly occur at shal-
low depths. Hence, successful exploration of
groundwater in a basement terrain requires
proper understanding of the hydrogeological
characteristics of the aquifer units in relation
to their susceptibility to environmental pollu-
tion and assessment of their protective capacity
[3, 5]. One of the most effective ways of evalu-
ating an environment without interfering with
the hydrogeological system is through geo-
physical studies [6]. Over the years, geophysi-
cal survey using the vertical electrical sounding
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(VES) method has been applied in groundwater
exploration within the basement complex rocks
in Nigeria [7-10].

VES using the Schlumberger array method was
carried out at 30 different stations in the study
area with the aim to determine the geoelectric
parameters, such as resistivities and thickness-
es of the sub-surface layers and their hydrogeo-
logical properties. This study was also aimed
at evaluating the groundwater potential of the
area, establishing the aquifer protective capaci-
ty of the overlying formations, especially its iso-
lation from contamination, and recommending
suitable points for groundwater positioning.

Location and Geology of the Study
Area

The study area, as shown in Figure 1, is located
between latitudes 7°10’N and 7°12’N and be-
tween longitudes 3°23’E and 3°28’E. The study
area is characterised by tropical climate with
distinct wetand dry seasons. The annual rainfall
ranges from 1400 mm to 1500 mm; the mean
temperature is 30°C and varies from 25.7°C in
July to 30.2°C in February [11]. The study area
is underlain by Precambarian basement rocks
(Figure 2), which are innately characterised by
near-negligible permeability and low porosity.
These rocks, according to a previous paper [12],
were acknowledged to belong to the youngest
of the three major provinces of the West African
Craton. These rocks are of Precambarian age to
early Palaeozoic age, which extends from the
Northeastern part of Ogun State and dips to-
wards the coast [13].

Materials and Methods

The electrical resistivity survey method using
the VES method was carried out in the study
area. The resistivity data were acquired us-
ing Campus Ohmega Terrameter. Thirty VES
points were positioned in the study area us-
ing Schlumberger electrode configuration
with half-current electrode separation (AB/2)
ranging from 1 m to 132 m. The apparent re-
sistivity values were obtained as the product of
the resistance read from the resistivity meter

Aina J.0., Adeleke O.0., Makinde V., Egunjobi H.A., Biere PE.
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Table 1: Longitudinal unit conductance/protective capacity rating (source: Oladapo and Akintorinwa [18]).

Total longitudinal unit conductance (mhos)

Rating of overburden’s aquifer protective capacity

<0.10 Poor
0.1-0.19 Weak
0.2-0.79 Moderate
0.8-4.90 Good
5.0-10.0 Very good
>10.0 Excellent
Table 2: Groundwater potential yield (modified after Bayewu et al. [3]).

Overburden thickness (m) Reflection coefficient Groundwater yield
>13 <0.8 High
>13 >0.8 Medium
<13 >0.8 Low
<13 <0.8 Very low

and its corresponding geometric factor (K) for
each electrode separation. The apparent resis-
tivity data were then plotted against AB/2 on
a bi-logarithm graph as sounding curves. The
plotted sounding curves were interpreted man-
ually by partial curve matching using different
master curves [15]. The geoelectric parameters
from the partial curve matching served as the
input model for computer-assisted iteration us-
ing WINRESIST.

The values of the longitudinal unit conductance
of the overburden rock units in the study area
serve as the basis for the characterisation of its
aquifer protective capacity. The longitudinal
unit conductance gives a measure of the imper-
meability of the confining clay layer, which has
low resistivity and low hydraulic conductivity.
The protective capacity of the overburden lay-
ers in a particular area is proportional to the
longitudinal unit conductance [16]. The longi-
tudinal layer conductance (S) of the overbur-
den at each VES station was obtained as shown
in Equation (1) [17].

n
5=y
Pi

i=1

(1)

where h_is the layer thickness, p, is the layer
resistivity, while the number of layers from the
surface to the top of the aquifer varies in the
range i = 1, ..., n. The results of the longitudi-
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nal unit conductance were used to classify the
areas into good, moderate, weak and poor aqui-
fer protective capacity (Table 1). This was done
using the classification given by Oladapo and
Akintorinwa [18].

Olayinka [19] opined that in identifying areas
of favourable aquifers within a basement ter-
rain, the resistivity of the basement cannot be
exclusively relied upon; hence, one has to con-
sider the basement’s reflection coefficient in
effectively evaluating groundwater potential in
the study area. The degree of fracturing of the
underlying basement is shown by the reflection
coefficient [3]. The reflection coefficients (r)
of the study area were calculated using Equa-
tion (2), as given by Bhattacharya and Patra
[20] and Loke [21].

_(pn—p(n—-1))
"= nt - D) (2)

where pn is the layer resistivity of the nth layer
and p(n — 1) is the layer resistivity overlying the
nth layer.

In a basement terrain, groundwater yield
can be grouped into high, medium and low
depending on the overburden thickness
and/or reflection coefficient (Table 2), as stated
by Bayewu et al. [3]. The highest groundwater
yield is found in areas where thick overburden
overlies the fractured zone [18].
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Results and Discussion

The summary of the geoelectric parameters
and inferred lithologies in the study area is
presented in Table 3. The curve types obtained
after partial curve matching ranges from the
three-layer H type (66.7%), A type (3.3%)
and K type (3.3%), through the four-layer KH
type (23.3%), to the five-layer curve HKH type
(3.3%). The predominant H type curve record-
ed in the study area further affirmed the find-
ings of Oloruntola and Adeyemi [9], who re-
corded >72% of H curve type in the basement

geological terrain at Abeokuta. Figures 3 and
4 show the typical iterated curves generated
from the field measurements. The geoelectric
interpretations revealed three to five layers, as
follows: topsoil (23-700 Qm); the weathered
layer, which is composed of clay/sandy clay and
clayey sand/sand (4-790 Qm); underlying this
layer are the fractured layer (93-437 Qm) and
the fresh basement (532-2106 Qm). The aqui-
fer unit in the study area is basically found in
the fractured layer, the yield being dependent
on the amount of clay content.

Table 3: Summary of geoelectric parameters and inferred lithologies.

No. of Curve Resistivity Thickness Reflection .
VES no. e — (@m) ) Depth (m) coefficient Inferred lithology

1 117 2.3 2.3 Topsoil

1 2 H 29 25.5 27.8 0.876 Clay
3 437 Fractured basement
1 211 0.9 0.9 Topsoil

2 2 H 110 5.0 5.9 0.421 Sandy clay
3 270 Fractured basement
1 324 1.3 1.3 Topsoil

3 2 H 162 13.1 14.4 0.437 Clayey sand
3 413 Fractured basement
1 75 2.1 2.1 Topsoil

4 2 H 30 24.1 26.2 0.843 Clay
3 352 Fractured basement
1 100 1.2 1.2 Topsoil

5 2 H 5 7.2 8.4 0.977 Clay
3 427 Fractured basement
1 134 0.6 0.6 Topsoil
2 35 1.8 2.4 Clay

6 3 HKH 79 3.4 5.8 0.899 Sandy clay
4 17 8.8 14.6 Clay
5 318 Fractured basement
1 94 0.8 0.8 Topsoil

7 2 H 24 4.9 5.7 0.778 Clay
3 192 Fractured basement
1 30 1.0 1.0 Topsoil

8 2 H 4 2.0 3.0 0.996 Clay
3 2106 Fresh basement
1 94 1.2 1.2 Topsoil
2 120 6.6 7.8 Sandy clay

K 3 KH 60 11.8 19.6 0.701 Clay
4 342 Fractured basement
1 109 0.8 0.8 Topsoil

10 2 H 32 7.2 9 0.489 Clay
3 93 Fractured basement
1 26 0.6 0.6 Topsoil
2 655 5.1 5.7 Sand

B 3 KH 51 13.1 18.8 0.841 Clay
4 592 Fresh basement
1 161 0.9 0.9 Topsoil
2 191 9.1 10 Clayey sand

12 3 KH 114 8.6 18.6 0.315 Sandy clay
4 219 Fractured basement
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Table 3: Summary of geoelectric parameters and inferred lithologies.

1 369 2.6 2.6 Topsoil
13 2 H 62 19.7 22.3 0.625 Clay
3 269 Fractured basement
1 269 0.7 0.7 Topsoil
2 327 3.2 3.9 Sand
14 3 KH 198 8.8 12.7 0.534 Clayey sand
4 652 Fresh basement
1 167 1.2 1.2 Topsoil
15 2 H 66 12.7 13.9 0.576 Clay
3 245 Fractured basement
1 700 1.5 1.5 Topsoil
16 2 H 38 8.3 9.8 0.887 Clay
3 637 Fresh basement
1 417 1.0 1.0 Topsoil
17 2 H 61 8.7 9.7 0.744 Clay
3 415 Fractured basement
1 81 2.3 2.3 Topsoil
18 2 H 27 10 12.3 0.880 Clay
3 422 Fractured basement
1 34 0.5 0.5 Topsoil
2 790 2.5 3.0 Sand
19 3 KH 59 12.6 15.6 0.761 Clay
4 435 Fractured basement
1 103 1.0 1.0 Topsoil
2 146 2.1 3.1 Clayey sand
20 3 KH 40 16.8 19.9 0.615 Clay
4 168 Fractured basement
1 273 1.7 1.7 Topsoil
21 2 H 35 11.1 12.8 0.702 Clay
3 200 Fractured basement
1 329 3.5 3.5 Topsoil
22 2 H 135 35.5 39 0.237 Sandy clay
3 219 Fresh basement
1 226 2.0 2.0 Topsoil
23 2 H 42 19.4 214 0.921 Clay
3 1019 Fresh basement
1 285 0.8 0.8 Topsoil
24 2 H 99 7.8 8.6 0.759 Clay
3 722 Fresh basement
1 23 0.8 0.8 Topsoil
25 2 A 49 16.6 17.4 0.777 Clay
3 391 Fractured basement
1 63 1.0 1.0 Topsoil
26 2 K 153 16.0 17.0 0.553 Clayey sand
3 532 Fresh basement
1 149 1.0 1.0 Topsoil
27 2 H 81 10.4 11.4 0.643 Clay
3 373 Fractured basement
1 108 1,6 1.6 Topsoil
2 296 6.7 8.3 Sand
28 3 KH 82 9.2 17.5 0.889 Clay
4 1391 Fresh basement
1 161 1.0 1.0 Topsoil
29 2 H 65 10.0 11.0 0.522 Clay
3 207 Fractured basement
1 274 2.6 2.6 Topsoil
30 2 H 40 19.6 22.2 0.830 Clay
3 431 Fresh basement
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Figure 3: Typical VES curve in the study area.
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Figure 4: Typical VES curve in the study area.

Assessment of Aquifer Protective
Capacity

The resistivities and thicknesses of the under-
ground layers were used to compute the lon-
gitudinal unit conductance (S) of the layers in
the study area. Table 4 shows the calculated
longitudinal unit conductance in mhos and the

No Res Thick Depth
11337 06 06
2 M5 18 24
3 789 34 57
4 169 88 145
5 3182 -- --

protective capacity rating for the study area.
The longitudinal unit conductance values of the
overburden materials in the study area ranged
from 0.049720 to 1.452000 mhos. It can be ob-
served that the protective capacity in the study
area reveals poor, weak, moderate and good
capacity rating. Four VES stations have poor
protective capacity, six shows weak protective
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Table 4: Longitudinal unit conductance and aquifer protective capacity of the study area.

VESno. Longitudinal unit conductance (mhos) Overburden’s aquifer protective capacity rating
1 0.898968 Good
2 0.049720 Poor
3 0.084877 Poor
4 0.824333 Good
5 1.452000 Good
6 0.616591 Moderate
7 0.212677 Moderate
8 0.533333 Moderate
9 0.264433 Moderate
10 0.232339 Moderate
11 0.287726 Moderate
12 0.128673 Weak
13 0.324788 Moderate
14 0.056833 Poor
15 0.199610 Moderate
16 0.220564 Moderate
17 0.145021 Weak
18 0.398765 Moderate
19 0.231430 Moderate
20 0.444092 Moderate
21 0.323370 Moderate
22 0.273601 Moderate
23 0.470754 Moderate
24 0.081595 Poor
25 0.373558 Moderate
26 0.120448 Weak
27 0.135106 Weak
28 0.149645 Weak
29 0.160057 Weak
30 0.499489 Moderate

1.4mhos.
1.3mhos
1.2mhos
1.1mhos.
1mhos

© 0mnos
0.8mhos
0.7mhos
0.6mhos
0.5mhos
0.4mhos
0.3mhos
0.2mhos
0.1mhos
Omhos

Figure 5: The longitudinal unit conductance map of the study
area.

capacity, 17 show moderate protective capac-
ity, while three show good protective capacity
rating, with 33% of the study area falling within

RMZ-M&G | 2019 | Vol.66 | pp. 199-210

the poor/weak overburden protective capacity.
About 57% falls within the moderate range,
while 10% falls within good overburden pro-
tective capacity. The longitudinal unit conduc-
tance map of the study area in Figure 5 shows
that the northeastern and northwestern parts
of the study area are characterised by moder-
ate-to-good protective capacity, and this signi-
fies that there is a little or no infiltration due to
precipitation.

Assessment of Groundwater
Potential

Figures 6 and 7 show the reflection coefficient
and overburden thickness map of the study
area. The reflection coefficient in the study
area varies from 0.24 to 1.00. The groundwa-
ter prospects in the study area are categorised
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Figure 6: The reflection coefficient map of the study area.

Figure 7: Isopach map of overburden thickness of the study
area.

into high, medium and low potentials. In this
study, zones where the overburden thickness is
>13 m and the reflection coefficient is <0.8 are
considered as zones with high groundwater po-
tential, while zones with overburden thickness
<13 m and reflection coefficient <0.8 are con-
sidered as zones having very low groundwater
potential.

Generally, about 33% of the study area has
high groundwater potential, which is restricted
mostly to areas underlain by porphyritic gran-
ite and porphyroblastic gneiss, as established
by a previous paper [22], while 23% of the
study area has medium groundwater potential;
moreover, 43% of the area has low groundwa-
ter potential. This result invariably indicates
the significance of detailed groundwater survey
and exploration in the study area for locating
areas where successful boreholes can be sited.

207

Table 5: Groundwater potential across the VES locations.

VES Overburden Reflection Groundwater
no. thickness (m) coefficient yield

1 27.8 0.876 Medium
2 5.9 0.421 Very low
3 14.4 0.437 High

4 26.2 0.843 Medium
5 8.4 0.977 Low

6 14.6 0.899 Medium
7 5.7 0.778 Very low
8 3.0 0.996 Low

9 19.6 0.701 High
10 9.0 0.489 Very low
11 18.8 0.841 Medium
12 18.6 0.315 High
13 22.3 0.625 High
14 12.7 0.534 Very low
15 13.9 0.576 High
16 9.8 0.887 Low
17 9.7 0.744 Very low
18 12.3 0.880 Low
19 15.6 0.761 High
20 19.9 0.615 High
21 12.8 0.702 Very low
22 39.0 0.237 High
23 214 0.921 Medium
24 8.6 0.759 Very low
25 17.4 0.777 High
26 17.0 0.553 High
27 11.4 0.643 Very low
28 17.5 0.889 Medium
29 11.0 0.522 Very low
30 22.2 0.830 Medium

Conclusion

The geoelectric investigation of the study area
has revealed three to five subsurface geoelec-
tric layers: top soil, weathered basement and
fresh basement rocks. The fractured layer con-
stitutes the sole aquifer unit in the study area.
The protective capacity in the study area is
more of the moderate type and is therefore not
exposed to pollution. About 33% of the study
area falls within the high rated groundwater po-
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tential zone, while the remaining 67% consti-
tuted the medium/low groundwater potential
zone. Hence, the groundwater potential rating
of the area is considered generally as medium/
low. Therefore, areas for locating groundwa-
ter should be narrowed to zones of moderate/
good groundwater protective capacity.
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