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Porosity and Geomechanical Characteristics of banded Iron Ore from Itakpe, North
Central Nigeria
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Itakpe iron ore, The microstructural characteristics of geological materials are fundamentally

Porosity, influenced by their pore configuration and geomechanical properties. The banded

Uniaxial compressive iron ore samples from Itakpe, North Central Nigeria, have been examined using:
strength, (i) X-ray fluorescence (XRF) spectroscopy for preliminary iron content

assessment; (ii) low-field nuclear magnetic resonance (NMR) and water
imbibition porosity (WIP) techniques for pore structure evaluation; and (iii) bulk
density and stress-strain analysis for the geomechanical characterisation. The
average weight of haematite, silica, alumina and iron contents in the samples are
53%, 22%, 12%, and 37%, respectively. These values show that the Itakpe iron
ores are low-grade and hence, significant enrichment is required for economic
viability. The pore system of the ore samples is basically bimodal without any
indication of macropores, in agreement with the metasedimentary origin of the
ores. The transverse relaxation time ranges for the pore regions are: (a) micropores
(0.2818 — 1.413 ms) and (b) mesopores (7.943 — 79.43 ms). The mean porosities
estimated via NMR and WIP techniques are 0.365 p.u. and 0.488 p.u.,
respectively. Computed porosity and water content from NMR and WIP
techniques show high degree of correlation which are 87% and 76%, respectively.
The average UCS, elastic modulus and dry bulk density of the samples are 101.28
MPa, 3.94 GPa and 3.46 g/cm?®, respectively showing high strength ores. The plots
of UCS versus dry bulk density for the samples shows an increasing exponential
relation, while the UCS versus NMR porosity, modulus ratio versus dry bulk
density as well as modulus ratio versus UCS all show decreasing exponential
relations. The UCS is negatively correlated with NMR porosity but positively
correlated with bulk density. Integrating NMR and geomechanical techniques can
reliably: (i) predict mechanical behaviour without destructive testing; (ii)
complement traditional porosity methods; and (iii) assist in mine design for safety
and ore optimisation.
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INTRODUCTION

Iron ore and its derivatives are undoubtedly the most
economically and historically significant commodities
globally after oil and gas (Jégourel, 2020; Holmes et al.,
2022; Kiiblbock et al., 2022). This is partly due to the fact
that steel, the major byproduct (about 98%) of iron ore,
is the bedrock of industrial revolution and a key driver of
global transformation and modern development
(Madureira, 2012; Holmes, 2013; Holmes & Lu, 2015).
Iron ore is found in igneous, sedimentary and
metamorphic rocks, majorly as iron oxides and

hydroxides (haematite and magnetite) (Santoro et al.,
2022; Gareev, 2023). However, iron content is often low
in most iron ore deposits. Thus, an "ore grade" deposit
must contain a high concentration of iron for economic
consideration (Holmes et al., 2022; Isah & Aliyu, 2024).
This implies that in many cases, significant processing to
improve ore grade through beneficiation may be
necessary. Therefore, the value of iron ore is largely
dependent on its iron content as well as the processing
procedures (Upadhyay et al., 2010; Bett & Maranga,
2012).
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Global iron ore deposits include the vast Banded Iron
Formations (BIFs), found in very significant quantities in
Australia, Brazil, and India. Other types are the magmatic
deposits and oolitic ironstones, with largest reserves in
Australia, Brazil, Russia, and China (Beukes et al., 2003;
Kholodov & Butuzova, 2008). Significant iron ore
deposits are also found in West Africa (Guinea, Liberia,
Nigeria and Mauritania), Southern Africa (South Africa
and Zimbabwe) and North Africa (Morocco, Tunisia and
Egypt) (Foster, 2023). In Nigeria, BIF occurs in folded
bands and lenses in the Precambrian metasedimentary
schist belts with recognisable outcrops in the North
Central and Northwestern zones (Oyedele et al., 2016).
The Cretaceous sedimentary (oolitic) iron deposits occur
mainly in the North Central, Southeastern and
Southwestern zones (Oyedele et al., 2016). The Itakpe
iron ore deposit with a total estimated reserve of about
200 million metric tonnes consists mainly of quartzite
with magnetite and haematite with about 36% Fe
(Akinrinsola & Adekeye, 1993; Olade, 2019; Afeni et al.,
2020). The deposit has been developed for supply of iron
ore concentrates to Ajaokuta steel plant and the Delta
steel plant, Aladja (Akande et al., 2020).

Laboratory analysis of iron ores is important in the
integral mining, exploration and processing stages. The
various laboratory procedures (geochemical,
petrophysical and geomechanical) are able to provide
critical data that guides decision-making, ensures
economic viability, and guarantees the quality of end
products. Data and deductions from these techniques
helps to determine the most efficient extraction and
processing techniques. Geochemical analysis assists in
the evaluation of the iron content and identification of
impurities like silica and sulphur, etc. A good
understanding of the pore characteristics of iron ore is
necessary for performance evaluation during processing.
This aspect of pore assessment is often neglected while
focus is usually placed on the analysis of chemical
composition and impurity contents. Geomechanical
analysis usually provides valuable insights on the
behaviour of ores (rocks) under stresses induced by
excavation and comminution and/or ore breakage (Shah
et al., 2020; Way et al., 2021; Pereira et al., 2023). This
is vital for safety, optimisation of mine design, efficiency
and optimal resource recovery. Comminution in
particular, accounts for a significant portion of
processing costs, hence, its implementation demands
high efficiency (King, 1994; Bradshaw, 2014; Zuo & Shi,
2016; Klein et al., 2018; McNulty et al., 2022).
Furthermore, the microstructure of rocks (pore sizes,
shapes, pore throats, fractures/cracks, mineral
inclusions/impurities in the rock matrix, porosity, etc.)
and their changes during mechanical stressing is essential
in comminution process (Armstrong et al., 2009; Zhang
et al., 2010; Anovitz and Cole, 2015; Li et al., 2018; Xu
et al., 2020; Salvini et al., 2023 Tavares, 2000; Liu et al.,
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2024). Thus, rock microstructures are presumed to have
considerable effect on many mechanical properties such
as particle breakage which predicts macroscopic damage
behaviour in comminution process (Rust & Cashman,
2011; Sparks et al, 2019; Pereira et al., 2025). In
addition, ore breakage is often facilitated by the
connectivity of pores within rocks, as well as by the
presence of inherent cracks due to their geological history
(Wills & Atkinson, 1993; Bevilacqua & Ferrara, 1996;
Kuila & Prasad, 2013; Pereira et al., 2025; Korbel et al.,
2026).

Nuclear magnetic resonance (NMR) techniques provide
valuable insights on the flow properties in the pore spaces
of rocks, porosities, pore size distribution, etc. (Blimich
et al., 2009; Grunewald & Knight, 2011; Yao and Liu,
2012; Olatinsu et al., 2017; Yao and Liu, 2019;
Benavides et al., 2020; Feng et al., 2020; Wang et al.,
2020; Golsanami et al., 2021; Downey et al., 2024).
Several techniques for pore characterisation of rock and
minerals exist, with each method having a unique
principle and scope of application. These include thin
section identification, mercury intrusion porosimetry
(MIP), gas adsorption, computerized tomography (CT),
scanning electron microscopy (SEM) etc. However, all
these methods are often limited to qualitative or
semiquantitative information on sample compositions
and pores. NMR technique has the potential of full-scale
quantitative description of pore characteristics. It offers
significant advantages over other methods due to its non-
destructive nature, wider pore size range detection, and
minimal sample preparation requirements. The porosity
and geomechanical properties of iron ores are highly
variable and fundamentally linked; porosity significantly
influences their strength, density, and behaviour during
mining and processing. Geomechanical properties
predict the response of a rock or geomaterial under stress
and hence, are very relevant for safe and efficient mining
and processing design. High porosity enhances
comminution by reducing the mechanical strength of a
rock, facilitates disintegration into smaller particles and
changes the resulting size distribution (Anovitz & Cole,
2015; Somani et al., 2017; Zhu et al., 2025). Besides
reducing energy consumption for comminution due to
lower compressive strength and stiffness, higher porosity
in rocks can also introduce pore-related breakage
mechanisms that can result in distinct multi-modal pore
size distributions (Jin et al., 2021; Pamparana et al.,
2024). Thus, the knowledge of the relationships between
petrophysical properties (porosity, pore sizes, moisture
content, water saturation, permeability, etc.) and
geomechanical characteristics (dry bulk density, tensile
strength, uniaxial compressive strength, shear strength,
elastic modulus, modulus ratio, Poisson’s ratio, etc.) can
assist in predicting the response of ores to stress during
mining, crushing, and transportation (Jeng et al., 2004;
Ulusay, 2015; Bello & Onifade, 2016; Atapour &

146

NJP VOLUME 35(4)

njp.nipngr.org



NIGERIAN JOURNAL OF PHYSICS

Porosity and Geomechanical Characteristics... Ige-Adeyeye et al.,

Mortazavi, 2018a, 2018b; Dalirnasab et al., 2024).
Several workers have established the connection between
rock strength and pore structure, porosity, fracture and
constituent heterogeneity (Palchik, 2011; Siegesmund &
Diirrast, 2011; Khanlari et al., 2014; Zhang & Zhao,
2014; Ulusay, 2015; Li et al., 2019; Liu et al., 2024).
Uniaxial compressive strength (UCS) is a physical
property of rocks for strength characterisation and is
relevant to iron ore crusher design and rock
geomechanics for mining. It is also widely used in
engineering design and stability analysis, rock mass
classification, and geomechanical modelling (Gholami &
Fakhari, 2017; Xie et al., 2025; Yang et al., 2025; Ju et
al., 2024; Xie et al., 2025). Porosity plays a significant
role in the geomechanical parameters of rock. Several
inverse relationships have been established between
some geomechanical properties and porosity of
rocks/ores (Chindaprasirt et al., 2009). Porosity and rock
strength are inversely related: increase in total porosity or
the formation of large pores typically reduces mechanical
strength, and can lead to potential breakage during
handling and transport (Ryshkewitch, 1953). In essence,
understanding the intrinsic variation and connection
between porosity and geomechanical properties is vital
for managing the quality, safety, and efficiency of iron
ore operations, from mine planning to final processing.
Studies have shown that the UCS of volcanic rock
decreases as the total porosity increases (Undiil, 2012)
but the presence of micro-cracks and discontinuities can
lower overall strength (Peng et al., 2019; Han et al., 2022;
Zhai et al., 2025). Bell and Lindsay (1999) reported that
UCS and tensile strength decrease as porosity increases.
Some sets of equations which connect the petrophysical
to the geomechanical properties of the basement rocks of
the Krishna-Godavari and Cauvery Basins in India have
been developed (Chatterjee and Mukhopadhyay, 2008).
Therefore, the knowledge of porosity and geomechanical
characteristics of iron ores is very important: for efficient
extraction process, increase resource recovery,
comminution efficiency and ore characteristics under
different stress conditions (Niu & Zhang, 2018;
Dalirnasab et al., 2024). This study examines the porosity
and/or pore structure and geomechanical characteristics
of Itakpe iron ore using water imbibition porosity (WIP)
and low-field NMR techniques, and stress-strain
analysis. The objectives are to provide valuable data and
relations that are useful for primary consideration in
beneficiation and comminution process of Itakpe and
other global iron ore deposits and by extension for wider
considerations in geotechnical engineering, rock
mechanics, and mining geotechnics.

Geological Environments

The geology of Nigeria is characterized by three primary
components: the Basement Complex, the Younger
Granites, and the Sedimentary Basins. These formations
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split the country equally into crystalline rock regions and
sedimentary layers, endowed with valuable mineral
deposits and oil reserves (Tijani, 2023; Alabi et al.,
2025). The geology of Kogi State (Figure 1) is slightly
complex with two main litho-petrological units: western
part, which lies in the Precambrian to Cambrian basement
units of North Central Nigeria and eastern part, which lies
in the Cretaceous to Recent Sedimentary Basins of Bida
and Anambra respectively (Obaje, 2009; Ifediegwu et al.,
2019;). The basement complex of Kogi State consists of
Migmatite-Gneiss Complex (migmatites, gneisses, and
granite-gneisses) of Mesoarchaean to Neoproterozoic
age; Metasedimentary and Metavolcanic rocks (schists,
marbles, phylites, pelites, amphibolites and quartzites);

Older Granites (granites, granodiorites, dolerites,
monzonites, charnockites, gabbro and syenites)
Neoproterozoic to Early Palacozoic in age and
undeformed acid and basic dykes (muscovite-,

tourmaline- and beryl-bearing pegmatites, applites and
syenite dykes; basaltic, doleritic and lampropyric dykes)
(Olade, 1978; Rahaman & Ocan, 1978; Olade, 1980;
Obaje, 2009; Anudu et al., 2014; Olade, 2019). The
prevalent lithological units are: pegmatite, granites,
biotite, ferruginous quartzites and migmatite gneiss
(Faruwa et al., 2021). The main source of iron ore
mineralization is the ferruginous quartzite (Olade, 1978;
Fadare, 1983; Annor & Freeth, 1985; Amigun & Ako,
2009; Faruwa et al., 2021). Kogi State is host to the five
majorly known types of iron ore deposits in Nigeria:
ferruginous quartzites; ferruginous schists; magmatic
iron ore; sedimentary ironstones and lateritic ironstone.
The iron ore deposits are scattered around the Okene-
Lokoja-Kabba axis. The exploitable proportion of the
iron ore deposits are within the popularly known “Iron
Triangle” of Kogi State (Olade, 2019). Most of the
known occurrences of ferruginous quartzites are found in
the area around Okene-Lokoja-Kabba in Kogi State,
although a few similar deposits have been reported
outside this area.

The most prominent basement complex deposit of iron ore
is at Itakpe, about 10 km northeast of Okene, and other
smaller deposits are at: Chokochoko, Ajabonoko, Agbado-
Okudu and Tajimi. Itakpe iron ore is a Precambrian
ferruginous quartzite occurring within the Archean
migmatite-gneiss quartzite suite of the Basement Complex
(Olade, 1978, 2019). It comprises the banded layers of
migmatites, gneisses, amphibolites, schists and quartzites,
intruded by granites, pegmatites and aplite as the ore
deposits have been affected by regional metamorphism via
folds and faults. The production capacity for the Itakpe mine
was projected as 2.2 million tons per annum of concentrate
with 63 - 64% iron content for Ajaokuta, and 0.8 million
tonnes of super-concentrate with 67 - 68% Fe (Olade, 2019).
Principal ore minerals are magnetite and haematite with
quartz, biotite and hornblende as gangue minerals, which are
recrystallized quartz alongside little amphibole and biotite
(Ameh, 2014; Olade, 2019; Adejuwon et al., 2020).
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Figure 1: Geological map of: (a) Nigeria showing the location of Kogi State (b) Kogi State showing Itakpe

Hills (Modified after Ifediegwu et al., 2019)

The iron ores are banded, massive or schistose, irregular
and discontinuous with intercalation of bands of quartz
grains. The banded iron formation (BIF) is observed as
fine grained pelitic sediments sparsely related to
amphibolitic units (Woakes et al., 1987). The Itakpe iron
ore deposits consist of ridges which are about 5 km long
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and 1 km wide, with peaks of about 700 m above sea level
(Olade, 1978, 1980). These iron deposits have no
apparent genetic relationship to volcanic activity and they
are considered as products of high-grade metamorphism
of iron-rich sandstones deposited within a platform or
epicontinental environment (Olade, 1980).
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Figure 2: Location of Itakpe Hills in Kogi State, Nigeria
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The Itakpe Hills (Figure 2) iron ore deposit lies within
latitude 7°36' 0" — 738' 0" N and longitude 6°17' 0" —6°
20' 0" E which is 4 km Southwest of Ajabanoko iron ore
deposit. It mainly consists of haematite—quartz bodies
which is of ferruginous quartzite of the itabirite type
(Olade, 1978, 2019). This ferruginous quartzite ore
bodies have ore grade ranges between 25 - 55% Fe,
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averaging about 36% Fe and proven reserves of about
200 million metric tons (Akinrinsola & Adekeye, 1993;
Olade, 2019). The Itakpe iron ore is fairly graded and
acidified; it is a compact, banded crystalline ore with
colour grades varying from grey to black (Adedeji &
Sale, 1984).
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Figure 3: Geological map of: (a) Kogi State (b) Itakpe Hills (Modified after Odigi, 2002)

Low-Field NMR

The proton resonance NMR measurements is a technique
in the low-field frequency range (2-100 MHz) of
operation (Bliimich, 2019). This involves the orientation
of magnetic moments of protons by an external magnetic
field in a hydrogenous fluid (specifically water) which
has partially or wholly saturated the pore spaces of the
sample to give a measurable resultant dipole moment
(Coates et al., 1999). This technique measures the decay
in magnetisation, signal amplitude and relaxation times
of spinning protons in the pores of samples influenced by
an externally applied magnetic field. The observed
magnetisation decay can be deconvolved into spectra of
attenuation times: longitudinal (77) and transverse
relaxation times (7%) distributions, which carries the same
pore information at low frequency and transient pulses
(Kleinberg et al., 1993; Kleinberg, 2001; Yao and Liu,
2019). The response of low-field NMR infers the water
content of a fully saturated sample, while the signal
amplitude denotes the pore volume (Dunn et al., 2002;
Casieri et al., 2010; Olatinsu et al., 2017). The transverse
relaxation time measurement is better suited for pore
structure, fluid typing and permeability determination

while the longitudinal time relaxation is crucial in fluid
characterisation.

For pores filled with one type of fluid, three mechanisms
dictates the measured transverse relaxation time: bulk
relaxation (72,), which is related to the intrinsic
relaxation of molecules in each type of fluid; diffusion
relaxation (724), which influenced by the dynamic
behaviour of fluid molecules bearing proton nuclei under
gradient fields; and surface relaxation (7%s), which is
related to the sample mineralogy and surface-to-volume
ratio (S/V) of pores (Kleinberg, 1996; Kenyon, 1997,
Coates et al., 1999; Keating & Knight, 2007; Mitchell,
2010; Mondal & Singh, 2023). The transverse relaxation
time of protons in porous media pores is given by the
equations (1) and (2) (Carr and Purcell, 1954; Meiboom

and Gill, 1958):
1 1 1 1

—=—t—t+— 6]
T, Tap Tas Taa

R w6TE)? 2)
T, Tap Tas 12

where v is the gyromagnetic ratio, 7 is the time within
pulses and G is the magnetic field gradient strength. For
low-field, uniform magnetic field (from superconducting
magnets) and single-phase saturation of the geological
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material with a non-viscous fluid (e.g., water), the rate of
bulk and diffusion relaxation terms in equation (1) are
negligible (Timur, 1969; Kleinberg and Horsfield, 1990;
Yao et al., 2010a, 2010b; Keating & Knight, 2012; Ma et
al., 2018; Yao et al., 2021). Therefore, the net transverse
relaxation rate becomes:

1 1

5~ T )
1 S

5= Ps (;) “4)
1 Fq

n=Psy Q)

where ps is the surface relaxivity, which depicts the
tendency that the pore surface would bring closer nuclear
spins to relaxation; Fy is the pore shape factor, a constant
which depends on the geometry of the pore; r is the pore
radius.

The NMR-T7> measurements varies directly with the pore
size (with distribution interpreted for a single fluid
phase), while the distribution peaks indicate a specific
pore environment or type (Grunewald & Knight, 2011;
Kleinberg, 2001; Connolly et al., 2019). The total

(a)

(b)
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integrated area of NMR-T> distribution is proportional to
the hydrogen content of the fluid in the pores, which infer
its porosity.

MATERIALS AND METHODS

Sample Preparation

Eleven iron ore samples labelled as Itakpe (IT-#) samples
were collected from Itakpe Hills, cut into cylindrical
shapes and smoothened using grinding machine. Figure
4 shows some samples before and after sample
preparation. The diameter and thickness of the
cylindrical-shaped iron ore samples range from 4.0 — 4.7
cm and 3.5 — 5.8 cm, respectively. The cored IT-samples
were packaged with Ziploc plastic bags to prevent
humidity accumulation and transported for NMR
measurements at the Commonwealth Scientific and
Industrial Research Organization’s (CSIRO) NMR

laboratory in Perth, Australia. The remaining fragments
were retained and packaged separately for the XRF and
geomechanical analyses.

Figure 4: (a) Raw iron ore samples from Itakpe; (b) Cylindrical core prepared for laboratory measurements

XRF Acquisition

XRF analysis was aimed at characterising the chemical
(elemental oxide) compositions of the Itakpe (IT) iron ore
samples. The fragments from each of the core samples
were analysed using XRF spectrometer (Phillips PW-
1800 — Philips Analytical, Netherland) at Rolab Research
and Diagnostic Laboratory, Ibadan, Oyo State, Nigeria.
The X-ray equipment used was calibrated with fourteen
standard reference materials, with various standard
reference materials, each with different focus of the
elements of interest. The standard references covered
major oxides for which iron oxides, alumina and silica
were the oxides of interest in this study as others only
occur in traces. 20 g of each sample was crushed, mixed
with 0.4 g of stearic acid as binding agent for 1 minute
and pulverized at a pressure of 200 kPa for 1 minute by
electric crusher and Herzog Gyro-mill (Simatic C7-62,
SIEMENS AG, Germany). The Herzog pelletizing
equipment produced 32 mm pellet diameter, which were
placed in a sample holder of the X-ray equipment for the
X-ray fluorescence analysis. The processes were

repeated for each sample to improve measurement
accuracy.

WIP Acquisition

The WIP acquisition involves porosity measurement of
the core samples based on Archimedes’ principle (Kuila
et al., 2014). The samples were dried in vacuum at 60 °C
till their weights remained unchanged and the dry mass
(mary) and volume (Vay) recorded after cooling in a
desiccator to avoid moisture sorption. The IT-samples
were then fully saturated in deionized water, and the
saturated mass recorded as (). The saturated samples
were partially submerged in fresh water and their masses
recorded as (msuw sat). All measurements were repeated to
improve accuracy.

The bulk density p,and skeletal density psof the samples
were calculated from equations (6) and (7):

— Mdry
Po = Mgat—Msub_sat X Pw (6)
mayr
ps = —— Pw (7

Mdry—Msub_sat
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where p,, is density of deionized water, Thus, the
porosity of the IT- samples measured by the WIP
technique (¢y,p) is computed using equation (8):

Pwip =" E X 100 )

S

NMR Acquisition

The eleven IT-samples were sequentially dried for 24
hours at 105 °C, until each of the sample weights remains
unchanged (dry weight), and recorded. Using deionized
water and under vacuum condition, the samples were
fully saturated via injection for 12 hours. The saturated
sample weights were measured and recorded after drying
the damped samples with tissue. The NMR equipment
(GeoSpec2 2.37 MHz spectrometer with Green Imaging
Technologies software (GIT) built-in the system),
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operating at 21°C, was calibrated with 3 cm? of D,O/H,O
mix samples for electronic and signal optimisation to the
accuracy of = 0.01 ¢cm?®. Fully saturated samples were
subsequently transferred into the NMR equipment for
measurements using the Carr-Purcell-Meiboom-Gill
(CPMG) sequence (Carr and Purcell, 1954; Meiboom
and Gill, 1958). Transverse relaxation time (72) data was
acquired for each sample by aligning dephased spinning
protons via refocusing of its inhomogeneous magnetic
field. The multiple echoes in the form of exponentially
decaying curves produced the NMR-T> distributions after
inversion, with digital processing achieved by the GIT
software to give the incremental porosities. Further
analysis via crossplots was accomplished using
MATLAB software. The NMR parameters used for
measurements on the samples are given in Table 1.

Table 1: NMR parameters for core samples of Itakpe iron ore

Sample SNR Number of Scan NMR Fluid Volume x Time to Echo (ms) Scan Time (min)
(NSA) 103 (mL)
IT-01 1,776 50.07 223 62 22.200
IT-02 8,336 50.01 97 62 104.000
IT-03 2,544 50.20 183 62 32.000
IT-04 5,248 50.02 121 62 60.550
IT-05 1,616 50.30 235 62 20.220
IT-06 1,456 50.18 228 62 18.267
IT-07 3,632 50.05 159 62 45.383
IT-08 2,496 50.12 196 62 31.183
IT-09 8,512 50.08 112 62 106.000
IT-10 416 50.21 421 62 5.200
IT-11 1,552 50.16 263 62 19.433

Geomechanical Data Acquisition

The average length-to-diameter ratio of the samples was
fixed at approximately 2.5, for the purpose of reducing
sample geometry influence in line with the procedure
stipulated by the International Society for Rock
Mechanics (Ulusay & Hudson, 2007). The dry bulk
density (p) for the samples without any moisture present
were measured and recorded after drying the samples at
105 °C for 24 hours. The UCS analysis was carried out at
the Material Testing Laboratory, Faculty of Civil and
Environmental Engineering, University of Lagos, Lagos,
Nigeria. The universal testing machine (UTM) used
consists of: (a) a servo-hydraulic frame system (DYE-
2000) with a 2000 kN maximum load capacity; platens
lightly lubricated for uniform distribution of load and
friction reduction; (b) a strain gauge for measurement of
sample deformation and dial gauge for recording platen
displacement; and (c) a data acquisition system with
software interface for real-time records of stress-strain
data. Tests are typically performed on intact lengths of
prepared cores with the maximum axial load sustained at
the point of failure recorded. In this study, the increasing
loads and corresponding strain were monitored
simultaneously and recorded. Each test was subjected to

two cycles of load and unloading within the elastic region
to ensure accurate stress-strain relation. The strain gauge
records the lateral deformation, as each sample was
placed at the center of the static plane before compression
by the plunger at a downward speed of 0.6 mm/min till
crushing to avoid any dynamic effects (Ulusay, 2015).
The measured uniaxial compressional strength (o) is the
highest compressive stress a sample can withstand in one
direction without any lateral confinement. This
parameter determines the presence of cracks, fractures or
crumbles under the influence of a load. It is
mathematically derived as:

O0c =7 )

L is the maximum load (N) on the sample at failure; A4 is
the sample cross-sectional area of the sample (m?).

The elastic modulus (F) is the quantitative determination
of rock’s stiffness; which is usually greatly affected by
the microstructure of the rock. Mathematically, elastic
modulus is the proportion of stress (o) to strain (g) as
given below:

E=2 (10)

In this work, the elastic modulus was estimated from the
slope of the linear portion of the stress-strain curve.
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The modulus ratio (Mgr) is the proportion of elastic
modulus to uniaxial compressive strength of the samples.
It was estimated using the expression:

Mp== (11)
O¢
Mr is a dimensionless parameter that predict the

brittleness and deformability of the iron ore samples. All
these parameters were analysed via crossplots using
MATLAB software.

RESULTS AND DISCUSSION

XRF Analysis

The major oxides compositions of the studied samples
are haematite (Fe,03), silica (Si0O») and alumina (AL,O3)

100 T T T T T

NJP

in the ranges of 52.01 — 54.25%, 20.84 — 22.50% and
11.61 — 13.12%, respectively (Figure 5). The mean
proportion by weight of iron (Fe) contents in the samples
was computed as 37.2%. These values imply that the
studied Itakpe iron ores are low-grade ores which would
require substantial processing and enrichment through
beneficiation for economic viability. In commercial iron
ores, acceptable purity limits are generally less than 6%
for SiO, and less than 4% for Al,O; in the raw ore to
prevent adverse effect in the iron production process
(Muwanguzi et al., 2012a; Sun et al., 2023).
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Figure 5: Percentage by weight of oxides composition for the IT- samples

NMR Analysis

Pore Morphology

Figure 6 presents the NMR-T> spectra for all the eleven
IT-samples. Generally, the spectra show a fairly
connected pores with bimodal T75-distribution as the
dominant type except for sample IT-11 which shows
distinct unimodal distribution. The NMR-7> spectra
manifest some peaks: Py for the micropores with short
transverse relaxation times (7> < 10 ms) and P, for the
mesopores with intermediate relaxation times (10 ms <

T>» <100 ms) (Yao et al., 2010a, 2010b, 2015; Olatinsu et
al.,2017; Lietal., 2020, 2022; Ige-Adeyeye et al., 2026).
Furthermore, the narrow continuous path linking the pore
types revealed in the NMR-T5 spectra is an indication of
the samples’ low effective porosity, suggesting their
susceptibility to breakage (Li et al., 2017). The IT-
samples with similar NMR-7> spectra distribution and
pore morphology were grouped for further detailed
description.
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Figure 6: The NMR-T5 spectra of Itakpe iron ore samples showing the pore
distribution and connectivity

Figure 7 presents the NMR-T7, spectra of IT-01, IT-02, corresponding transverse relaxation time of these
IT-04, IT-07 and IT-09 which show similar pore samples are in the ranges, 0.5012 — 1.0 ms for the
morphology. The NMR-T7, spectra are bimodal and micropores and 28.18 — 44.67 ms for the mesopores,
reveal fairly connected pores with only two peaks (P and  respectively. IT-11 reflects an anomalous micropore
P,) as shown for each sample in Figure 8. The volume, with a peak corresponding to 0.1778 ms.
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Figure 7: Grouped NMR-T; spectrum of IT-01, IT-02, IT-04, IT-07 and IT-09
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Figure 8: NMR-T> spectrum of IT-01, IT-02, IT

Figure 9 shows the combined NMR-T5 spectra of samples
IT-05 and IT-08 with matching pore configurations. The
NMR-T5 spectra of this group is typically bimodal (peaks
P; and P,), but with poor connectivity between the
micropores and mesopores. P, further manifest low
subpeaks P», P2, in the mesopore region as shown in

0.04

-04, IT-07, IT-09 and IT-11

Figure 10. The corresponding transverse relaxation time
of these peaks has ranges 0.631 — 0.7943 ms for the
micropores and 17.78 — 79.43 ms for the mesopores,
respectively. The observed subset of double peaks P>, and
Py, in the mesopore regions, are likely two distinct pores
which are not fully developed.
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Figure 9: NMR-T; spectrum of IT-05 and IT-08
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Figure 10: NMR-T5 spectrum of IT-05 and IT-08

Figure 11 shows the combined NMR-T, spectra of peaks, P1 for the micropores and P2 for the mesopores
samples IT-03, IT-06 and IT-10. The NMR-T> spectra of  (Figure 12). The corresponding transverse relaxation
this group is also bimodal and with well-connected time of these peaks ranges are 0.2818 — 1.413 ms
micropores and mesopores. The pore volume of IT-10  (micropores) and 7.943 — 25.12 ms (mesopores),
shows two subpeaks (Pia and Pip) within the micropore  respectively.

region, while IT-03 and IT-06 manifest two recognisable
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Figure 11: NMR-T5 spectrum of IT-03, IT-06 and IT-10

IT-03 IT-06
— 0.04 . . — 0.04 [ .
= £
= =
&% 0.03 % 0.03
g g
o002 2002
= =
T Py o
£ 0.01 T £ 0.01
g & .-'\..._/E\ g
F i ]
£ ol i = H
107 10" 107 10* 10” 107 10° 10"
Tz(ms) Tz(ms)
.08 IT-10
=
=
= 003
e
=
— 0.02 Pia
[ P
3 i
£ 0.01 i
] i
L i
(=] i
£ 9 i
1072 10° 102 10*

T2(ms)

Figure 12: The NMR-7> spectrum of IT-03, IT-06 and IT-10
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Total Porosity

Table 2 presents the computed total porosity for the
samples obtained from WIP and NMR techniques for
comparison. The crossplot of NMR versus WIP (Figure
13) gives a linear regression model and is represented by
equation (12).

dnmr = 0.30989¢;p + 0.21387 (12)

where ¢yyr 1s the NMR porosity and ¢y p is the
porosity by WIP.

NJP

The coefficient of correlation and root mean square
(RMS) values are 0.87496 and 0.03115, respectively.
The average porosity value for NMR and WIP techniques
across all the samples are 0.365p.u. and 0.488 p.u.,
respectively. The relationship shows 87% correlation
despite the unusual value for IT-11. The good correlation
attests to the high degree of accuracy of NMR
measurements and its interpretation.

Table 2: Results of porosity, water content and pore volume from NMR and WIP techniques

Samples Porosity by NMR  Porosity by WIP NMR Pore Volume by WIP
(%) (%) Water Content (mL) (co)
IT-01 0.2811 0.3901 0.2226 0.309
IT-02 0.2324 0.2151 0.0973 0.090
IT-03 0.3324 0.2736 0.1834 0.151
IT-04 0.2874 0.2721 0.1212 0.145
IT-05 0.3731 0.3581 0.1835 0.226
IT-06 0.4540 0.8069 0.2279 0.405
IT-07 0.3242 0.3848 0.1592 0.189
IT-08 0.3044 0.1844 0.1965 0.119
IT-09 0.4301 0.7083 0.1118 0.216
IT-10 0.4931 0.8240 0.3421 0.550
IT-11 0.5053 0.9552 0.2635 0.498
-1 -
RMS Error = 0.03115 O Data
09r fitted Model
@NMR = ('.l.3('}939@\‘,","3 +0.21387
08
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Figure 13: Crossplot of NMR porosity against WIP porosity for the IT-samples

NMR Water Content and WIP Pore Volume

The summary of NMR water content and the WIP pore
volume is given in Table 2, while the crossplot of the two
parameters is presented in Figure 14. The crossplot
depicts a linear regression model represented by equation
(13) with coefficient of correlation and RMS error value
of 0.75683 and 0.033749, respectively.

Wymr = 0.39808Wy,;p + 0.086851 (13)

where Wy is the NMR water content and Wy,;p is the
WIP pore water volume.

This expression indicates a 76% correlation, which is
considered reasonably fair and signifies the effectiveness
of NMR measurement and interpretation in
characterising geological materials.
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Figure 14: Crossplot of NMR water content against WIP pore volume determination

Geomechanical Analysis

Uniaxial Compressive Strength

Table 3 presents the measured uniaxial compressive
strength (o) and dry bulk density (p) for each of the
investigated IT-samples. o has a range of 71 — 146 MPa
and p has a range of 3.24 — 3.72 g/cm® with average
values 0of 101.28 MPa and 3.46 g/cm?, respectively. Thus,
the studied iron ore samples can be classified as high
strength (>100 MPa) and high-density ores (>2.6 g/cm?)

(Nilsen & Palmstrom, 2000; Ulusay & Hudson, 2007).
The plot of UCS versus dry bulk density shows an
increasing exponential trend (Figure 15). The fitted
model is given by equation (14), with coefficient of
determination (R?) and RMS error value of 0.9827 and
3.4657, respectively.
o, = 0.756e1409

(14)

Table 3: Results of dry bulk density and uniaxial compression strength for the Itakpe iron ore samples

Samples Dry Bulk Density UCS Value
(g/cm®) (MPa)
IT-01 3.60 120.73
IT-02 3.72 146.46
IT-03 3.48 101.96
IT-04 3.65 122.94
IT-05 3.43 95.35
IT-06 3.22 73.15
IT-07 3.55 114.58
IT-08 3.56 115.48
IT-09 3.26 77.51
IT-10 3.31 74.57
IT-11 3.24 71.39
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Figure 15: Crossplot of UCS against dry bulk density of IT-samples

The plot of UCS versus NMR porosity (Figure 16) shows
reveals strong exponential decreasing trend as expected
(Ryshkewitch, 1953; Bell & Lindsay, 1999;
Chindaprasirt et al., 2009). This is an opposite trend to
the plots of UCS versus dry bulk density. The fitted

model is given by equation (15). The coefficient of
determination and RMS error value are 0.9722 and 4.4,
respectively.

0, = 271.4e~2784PNMR

(15)
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Figure 16: Crossplot of UCS against NMR porosity of IT-samples
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Stress-strain Curves

Based on the previously identified three subgroups of the
NMR-T; spectra from the pore configuration of the
Itakpe samples, three crossplots arrangement of the axial
stress against axial strain were established (Figures 17 —
19). The ranges of UCS values and the estimated elastic
modulus are: group I (IT-01, IT-02, IT-04, IT-09 and IT-

NJP

11),71.39 — 146.46 MPa and 3.8 — 4.2 GPa, respectively;
group II (IT-03, IT-06, and IT-10), 73.15 — 101.96 MPa
and 95.35 — 115.48 MPa, respectively; and group II (IT-
05 and IT-08), 3.5 — 4.0 GPa and 3.7 — 4.0 GPa,
respectively. With the average value of the elastic
modulus estimated as 3.94 GPa.

NIGERIAN JOURNAL OF PHYSICS
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Figure 17: Crossplots of axial stress and axial strain for IT-01, IT-02, IT-04, IT-09 and IT-11
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Figure 19: Crossplots of axial stress and axial strain for IT-05, and IT-08

Figure 20 shows the crossplots of elastic modulus and
modulus ratio versus dry bulk density for the samples. It
is observed that the elastic modulus shows no significant
correlation with dry bulk density as its coefficient of
determination is very small (R?= 0.1535). However, the
modulus ratio shows a very strong correlation with dry

bulk density in the form of an exponentially decreasing
curve defined by equation (16). The R? and RMS error
value for the modulus ratio versus bulk density are
0.9480 and 0.23373, respectively. These observations
suggest a strong correlation between brittleness and
density of the Itakpe iron ores.
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Figure 20: Crossplots of elastic modulus, modulus ratio against dry bulk density of IT-samples

My = 3858.4¢~1:322P (16)

The plots of elastic modulus and modulus ratio versus
UCS for the studied samples (Figure 21) reveal high
similarity with the plots of elastic modulus and modulus
ratio versus dry bulk density (Figure 20). Also, while
elastic modulus shows no significant correlation with
uniaxial compressive strength (R?=0.2167), the modulus
ratio (MR) shows a very strong exponential trend with

UCS, as defined by equation (17). The coefficient of
determination and RMS error value are 0.9172 and
2.9504, respectively. The relationship presumably
validates the strong brittle nature of Itakpe iron ores as
dense and highly compacted metamorphic deposits.

My = 104.5¢70:0095040¢ a7
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Figure 21: Crossplots of elastic modulus, modulus

The modulus ratio relationship with dry bulk density
(Figure 20) and UCS (Figure 21) both reveals drop in
stress after deformation for most of the IT-samples. It is
presumed that the UCS might be affected by size effect
than elastic modulus, however the degree depends on the
heterogeneity, presence of micro-cracks and
discontinuities (Hudson & Harrison, 2000). This denotes
brittleness, possibly couple with internal cracks via pore
structure of the rock matrix of the samples. The average
UCS value of 101.28 MPa obtained for the studied Itakpe
samples, is considered as high value based on ISRM

ratio against uniaxial compressive strength of IT-samples

(2007) classification or strong strength based on Attewell
and Farmer (1976) as indicted in Table 4. This value is
slightly lower than the average UCS value of 142.90 MPa
for the Ajabanoko iron ore deposits which is about 4 km
away from the Itakpe Hills (Adebimpe, 2013). On the
global scale, this average UCS value also lie within the
range of 110 — 200 MPa as seen in Table 5, for medium
hardness iron cores from Australia (O’Connor et al.,
2000) and is much higher than for the iron ore samples
(about 67.70 MPa) from Anshan region in China (Ju et
al., 2024).

Table 4: Summary of the International Society for Rock Mechanics (ISRM, 2007) standard terminology and

Attewell and Farmer (1976) for UCS.

ISRM (2007) Attewell and Farmer (1976)

UCS Values Strength UCS Values Strength Typical Rock Types

(MPa) Classification (MPa) classification

<5 very low 10-20 Very weak Weathered and weakly compacted sedimentary
rocks.

5-25 low 20-40 Weak Weakly cemented sedimentary rocks, schist

25-50 moderate 40— 80 Medium Competent sedimentary rocks; some low-density
coarse-igneous rocks.

50-100 Medium 80— 160 Strong Competent igneous rocks; some metamorphic and
fine-grained sandstones.

100 — 250 High

> 250 very high

Table 5: UCS range for Australian iron ores for comparison from O’Connor et al. (2000)

UCS values (MPa) Ore Type

20-35 Friable hardness iron ore

110 —200 Medium hardness iron ore

200 — 500 Hard iron ore
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Discussion

Preliminary geochemical evaluation of iron ore is critical
for determining the economic viability, planning cost-
effective mining and processing strategies. Iron ore
classification into different grades is based on its total
iron (Fe) weight percentage. This study shows that the
studied Itakpe iron ores consist of haematite (Fe;O3)
content having the range 52.01 — 54.25% and 37% as the
average weight of Fe content. Hence, the iron content of
these samples is far below the high-grade benchmark of
60 — 65%. Therefore, significant beneficiation
(processing) is necessary for the economic viability of the
raw materials. In addition, the ores contain high level of
impurities: silica (SiO;) and alumina (Al,O3) in the
ranges of 20.84 — 22.50% and 11.61 — 13.12%,
respectively. However, for suitability as commercial iron
ores, acceptable purity limits is expected to be less than
6% for SiO; and less than 4% for AL,Os.

The integrated porosity and geomechanical datasets
obtained for the Itakpe banded iron ore has provided
valuable information on the possible effects of pore-scale
characteristics on their bulk mechanical behaviour.
Porosity of iron ore is important in ore breakage
consideration as an integral part of the comminution
process. It also has implications in the production stage
because it dictates the infiltration and penetration of
reducing gas into the interior of lump ores. A high
porosity of materials enhances reducibility by providing
a large interfacial area for a gas-solid contact. The
bimodal NMR-T> spectra, characterised by micropores
and mesopores with moderate connectivity, reveal a pore
morphology which establishes the metasedimentary
origin of the Itakpe iron ore deposits. The absence of
macropores in all the samples is an indication of a
compact, recrystallized fabric formed through
metamorphism. This interpretation is consistent with the
earlier descriptions of the Itakpe deposit as a
metamorphosed sedimentary iron formation. In addition,
the relative volume of pore types and their connectivity
directly relates to the breakage efficiency. Therefore, the
presence of higher proportion of micropores compared
with mesopores, couple with the complete absence of
macropores, indicates significant resistance to ore
breakage due to lack of “weak zones” needed to crack
initial and propagation. This dominant manifestation of
micropores is very common in shale and clayey materials
(Olatinsu et al., 2017). In situations where the bigger
pores, especially macropores or microcracks, are more
prominent, resistance to ore breakage is expected to be
low. This observed pore characteristics and
configurations are highly relevant for mechanical
response since micropores and mesopores are known to
exert strong control on crack initiation and propagation
because stress concentrations preferentially accumulate
at grain-boundary and intra-granular voids (Tan et al.,
2026). Hence, the probability of occurrence of brittle
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failure is high. The porosity values obtained for the
Itakpe ore samples despite having high amounts of
gangue (SiO, and Al,O3) and low Fe content are quite
higher than the porosity values of the commercial lump
iron ores used in the blast furnace (e.g., 5.9% for MBR
Brazil iron ore) (Cores et al., 2007) and in the direct
reduction processes (e.g., 1.2 —5.2% for Orissa India iron
ores) (Kumar et al., 2008).

Uniaxial compressive strength (UCS) values are very
relevant to iron ore crusher design and rock
geomechanics in mining. UCS for most iron ores varies
between low to medium, with BIF and hard haematite
ores in the high to very high range. There is clear contrast
between the plots of UCS versus dry bulk density and
UCS versus NMR porosity. While UCS versus dry bulk
density shows a strong exponential increase, UCS versus
NMR porosity, depicts a strong exponential decreasing
trend as expected (Bell & Lindsay, 1999). The strong
mechanical strength of the Itakpe iron ores may be
attributed to their relatively moderate porosity and
relatively uniform microstructure and pore configuration
(Muwanguzi et al., 2012b).

CONCLUSION

Geochemical analysis using XRF spectroscopy; pore
structure and porosity characterisation using low-field
NMR/WIP techniques; and geomechanical
characterisation via UCS and bulk density measurements
were carried out on banded iron ore samples from Itakpe,
North Central Nigeria. XRF spectroscopy reveals that the
studied ore samples are low-grade with 37% iron (Fe)
content by weight. The study also shows that the NMR-
T spectra are typically bimodal and consist of micropore
with 75 in the range, 0.2818 — 1.413 ms and mesopores
with 75 in the range, 7.943 — 79.43 ms. The pore structure
exhibits moderate connectivity and no indication of
macropores. The revealed pore characteristics are highly
relevant for iron ore mechanical responses. The
computed average porosity values from NMR and WIP
techniques are 0.365 p.u. and 0.488 p.u., respectively.
High correlations between porosity and water content
evaluated from NMR and WIP methods were obtained as
87% and 76%, respectively. Hence, this validates the
accuracy of NMR methodology in solid mineral
characterisation. The computed average UCS, elastic
modulus and dry bulk density of the studied samples are
101.28 MPa, 3.94 GPa and 3.46 g/cm?, respectively. The
coefficients of determination for UCS versus dry bulk
density, UCS versus NMR porosity, modulus ratio versus
dry bulk density and modulus ratio versus UCS, were
found as 98%, 97%, 98% and 92%, respectively.
However, no significant correlation was observed
between elastic modulus and dry bulk density as well as
between elastic modulus and UCS. These findings
establish that the porosity of the Itakpe iron ores can be
evaluated using low-field NMR, in connection with
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established relationships for UCS. The exponential
curves obtained for UCS versus bulk density (increasing
trend) and UCS versus NMR porosity (decreasing trend)
are in agreement with previous works in rock mechanics.
The fairly homogeneous microstructure, pore
morphology, and comparatively moderate porosity of the
Itakpe iron ores may be responsible for their high
mechanical strength. Thus, these good physical
characteristics will enhance mining stability, safety,
efficient drilling and blasting. Therefore, the integration
of NMR and geomechanical techniques can reliably: (i)
predict mechanical behaviour without destructive testing;
(i1) complement traditional porosity methods; and (iii)
assist in mine design for safety and assist in ore
optimisation. The outcomes of this study have
implications for other local BIF deposits in Nigeria and
other similar geological environments globally.
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