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Abstract. Knowledge of tailings characteristics is required for utilisation and management purposes
in the mining and construction industry. Tailings from the mine waste dumps at Itakpe iron ore
mine were collected and analysed in the laboratory to determine their chemical and physical
characteristics and these include; permeability, porosity, specific gravity, particle size distribution,
chemical composition and bioavailability factor of element. Geochemical speciation with
quantitative X-ray powder diffraction was used to evaluate the chemical and mineral composition of
Itakpe iron ore tailings. The aim is to offer base line data necessary to assess metal mobility and
bioavailability. The distribution of heavy metals such as Cu, Ni, Cd, Cr, Zn and Fe was determined
using multi- step sequential extraction. The results obtained indicate that the permeability is
6.24 x 10 cm/sec; porosity is 35%; and specific gravity is 3.58. The tailings are well graded and is
sand gravel. Nickel and Zinc was found to be considerably high in exchangeable and bound to
carbonates fraction which are mobile region and is bound to Fe — Mn oxides which is slightly
mobile region but the higher concentration of Ni found in residual fraction. The implication of this
result is that Nickel and Zinc partially enter into the food chain. Chromium and Cadmium
concentration result indicated that these metals can easily enter into the food chain because of their
presence in the mobile region and their higher mobility percentage.

Introduction

The Itakpe iron ore mine came into existence as a result of the Federal Government of Nigeria
desire for rapid industrialisation of the country through the iron and steel industry. The Itakpe iron
ore deposit is the principal source for the iron and steel industry. As a result of the low grade of the
Itakpe iron ore (36%), beneficiation is required. The beneficiated iron ore from Itakpe is expected to
feed the Ajaokuta Steel Complex, Ajaokuta Kogi State and Delta Steel Company Aladja Delta
State, Nigeria. Specifically the mine was created in 1979 as Associated Ores Mining Company
Limited (AOMC) and went through name changes before becoming National Iron Ore Mining
Project Limited (NIOMP) in 1992. The corporate objectives of NIOMP are as follows: (i) to
produce and supply 100% of the iron ore requirements of the Ajaokuta Steel Company Limited
(ASCL) amounting to 2.15 x 10° tons per year assaying 63% Fe (ii) to produce and supply 40% of
the iron ore requirements of the Delta Steel Company, Aladja (Warri) (DSC), Nigeria amounting to
550,000 tons per year assaying 67 to 68% Fe as per initial design of Itakpe plant (iii) to export the
concentrates to the international market after local needs have been satisfied (iv) to represent the
interest of the Federal Government of Nigeria in foreign iron ore mining projects (v) to arrange and
coordinate the exploitation of other locally available raw materials required by the major steel
plants [1].

In the process of exploitation of the iron ore, wastes rocks are generated. Waste rocks at the Itakpe
iron ore mine are associated rock mined during the exploitation of the deposit, while the tailings are
waste generated during iron ore beneficiation [2]. Tailings are the products remaining after the
extraction of metals by physical and chemical methods. At the Itakpe iron ore mine, the tailings are
the bye-product of iron ore beneficiation. Tailings are mixtures of crushed rock and processing
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fluids from mills, washeries or concentrators that remain after the extraction of economic metals,
minerals, mineral fuels or coal from the mine resource [3]. About 400,000 tons of tailings had been
produced since the beneficiation of the ore started in 1993 at the Itakpe iron ore mine [4], while it
can be estimated that about 632 million tonnes of iron ore tailings are generated yearly in
Western Australia [5]. The tailings produced from the beneficiation of the ore were dumped in a
waste pile lying there unutilised until recently when the petroleum industry in Nigeria started using
it to coat pipelines to prevent corrosion.

At the Itakpe iron ore mine, the ratio of waste to ore is 4:1. The ratio of tailings to concentrate is
commonly very high, generally around 200:1 [6]. For instance, it has been reported that in Western
Australia, on average, the production of 1 tonne of iron ore results in the generation of 2 tonnes of
iron ore tailings [7]. In Brazil, it is estimated that for each tonne of beneficiated iron ore, 400 kg of
tailings are produced, and based on the 2014 production, about 275.5 million tonnes of waste was
disposed of in landfills and tailing dams in 2014 [8]. Also, the output of iron tailings was around
500 million tons in 2015 [9]. Itakpe tailings are stockpiled in an open space of land dump, which
may post environmental pollution issue if erosion occur and the possibility of the disposed tailings
causing acid mine drainage and leaching of heavy metals to harm people and environment.

The total heavy metals in tailings samples is an effective method to identify environmental
contamination but it is not enough to evaluate the impact of each element in probable pollution of
the ecosystem [10]. However, speciation of metals in tailings and solid wastes is often studied to
determine the impact of each metal on the environment whereby the target metals are fractionated
into several fractions using extractant solutions of increasing strength [11; 12; 13; 14].

Mineralogical techniques such as electron microscopy and X-ray diffraction (XRD), among others
instrumental methods, are repeatedly engaged to elaborate on the data acquired by chemical
speciation [15]. The iron ore tailings of Itakpe have been produced over three decades, its
characteristics as it relates to pollution attributes has not been linked together; the study therefore
examined these linkages to determine the leaching potential of the tailings. Therefore, it is very
important to evaluate metals mobility/bioavailability base on the combine use of physical, chemical
speciation mineralogical methods to actually ascertain the distribution of the metals which is the
focus of the research.

Tailings Characterisation

The characteristic of the tailings depends on the type of ore mined. Tailings vary considerably in
their chemical and physical characteristics and these characteristics include: mineralogical and
geochemical compositions; specific gravity of tailings particles; settling behaviour; permeability vs.
density relationships; soil plasticity (i.e. Atterberg limits); consolidation behaviour;
rheology/viscosity characteristics; strength characteristics; pore water chemistry; and leaching
properties [16; 6]. Further disaggregation of characterisation of tailings indicates both the physical,
mechanical and chemical properties.

Common physical properties of tailings are; grain size, density, bulk density, specific gravity,
porosity while some of the mechanical properties are shear strength and permeability. Some
chemical properties of mine tailings include pH, chemical composition etc.

The chemical composition of tailings depends on the mineralogy of the ore body, the nature of the
processing fluids used to extract the economic metals, the efficiency of the extraction process and
the degree of weathering during storage in the dammed impoundment [3]. The major components
of Itakpe iron ore mine tailings are 71% of SiOz and 2.62 % Al;O3 as shown in Table 1. The Fe
(total) of 15% indicates that a sizeable amount of iron could still be further extracted as the
beneficiation process improves. This shows that the ore recovery is not total. The tailings is
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brownish-dark, contains coarse and fine particles which made it useful for tailings dam as well for
pipeline coatings.

A large percentage of the run-of-mine of the iron ore end up as waste rock and the tailings are
generated from the beneficiation process.

Table 1. Chemical Composition of Itakpe Iron Ore Mine Tailings

S/m Component Value (%)
1 SiO, 71
ii ALO; 2.62
iii Fe(total) 15
v TiO; 0.2
v CaO 1.2
vi ~ MgO 0.3
vii P 0.08
viii S 0.06
X Total Alkali (Na;O + K,0) 1.2

NIOMP [17]

Location and Geology of the Study Area

The National Iron Ore Mining Project (NIOMP) is located at Itakpe in Okehi Local Government
Area of Kogi State, Nigeria. The iron ore deposit is on the eastern part of Kogi State, ten kilometers
north of Okene township. The company (NIOMP) is located within latitude 8° and 9° and longitude
7° and 8°. The Itakpe ridge consists of mainly Precambrian rocks, which are represented by; (1)
migmatite gneiss complex (ii) meta — sedimentary rock series and (iii) older granite series [18].

Main classification adopted for the Itakpe iron ore deposit is based on [19]:

(a) Mineralogical classification

(1) Magnetite ore -------- Black streak

(11) Heamatite ore -------- Reddish brown

(iii))  Magnetite — Heamatite ore ------------ 50% magnetite
(iv)  Heamatite — Magnetite ore ------------ 50% magnetite

(b)  Commercial Classification

(i)  Rich ores ------- (45% Fe in about 5% of mine)
(1)  Medium ores ------- (31 —45% Fe in about 82% of mine)
(i)  Lean ores or poor grade ores ------- (20 —30% in about 13% of mine)

(¢)  Grain size classification
(1) Coarse grain

(1))  Medium grain

(i111)  Fine grain
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Methodology

Sample collection and preparation

Samples were collected from the tailings dump within Itakpe iron ore mine. The samples were taken
to the, The Federal Polytechnic Ado-Ekiti for physical property analysis (specific gravity,
permeability, density, sieve analysis) and leaching property analysis. The sieving method was used
for the determination of grain size distribution. The permeability of the tailings was measured using
falling head permeability test and was carried out in a Falling Head permeability cell. The bulk
density, specific gravity and porosity were measured using appropriate methods [20].

Geochemical Speciation Procedure

The geochemical speciation of metals was done by using modified Tessier as proposed by Ma and
Uren [21] which partitions metals into exchangeable, bound to carbonates, bound to Fe — Mn
Oxides, bound to organic matter and residual. 1g of air dried tailing sample was used. The results
obtained were then validated by recovery experiment and the mobility factors were calculated [22].

Recovery is defined as shown in Equation 1:

_ F1+F2+~~~FnX]00

R=—5 (1)

Where F1, F2 is Sequential Extraction Procedure and SDSA is Single Digestion with Strong Acids
used for reference was a mixture of strong acids used in the residual fraction digestion [22].

The ‘“‘Mobility Factor (MF)’’ is defined as a relative index of the mobility, which is calculated
using Equation 2, [23]:
F1+F2 +F3

0 =
7oMF FlL+F2+F3+F4+F5 100 2)

Bioavailability factor = Mobility factor x 100.

For X-ray diffraction (XRD), 3 g samples were wet ground for 12 min in a micronizing mill to
reduce the particle size to technically less than 10 um and the subsequent slurry sprayed dried
directly from the mill [24] . The resulting powders were loaded into PANalytical Aeris
diffractometer with PIXcel detector and fixed slits with Fe filtered Co-Ka radiation. The phases
were identified using X’Pert highscore plus software. The relative amounts (weight) were estimated
using Rietveld method.

Results and Discussion
Some Physical Properties of the Tailings

Figure 1 show the particle-size distribution of the iron ore tailings. The result obtained from the
sieve analysis of Itakpe iron ore tailings are of fine medium sand, this gives it more strength and
reduced the porosity and permeability of the tailings. The chemical analysis indicates that the higher
the silica (quartz) and haematite content in the tailings the finer the particles. The mean particle size
Dsois 0.2.
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Figure 1. Particle-size Distribution of the Tailings

Particle size distribution is a property that controls the permeability of tailings. Permeability is of
importance in determining the flow characteristics of ground water in a rock or grains. Permeability
of the tailings largely depends on the finer particle sizes it contains. Permeability of the Itakpe iron
ore tailings is 6.24 x107 cm/sec as shown in Table 3.

The mechanical properties of iron ore tailing improve as amount of porosity is reduced. The average
porosity of Itapke iron ore tailings is 35% as presented in Table 3. The amount of silica present in
the tailings affects the grain size which also affects the porosity because the finer the grain sizes of
the tailings the closer the porous spaces.

The specific gravity of the tailing is 3.58, which is higher than most natural soils. This indicates that
the iron tailings are characterized as high compressible. The specific gravity obtained is consistent
with values from tailings of most metal mines.

Table 3. Some Physical Properties Itakpe Iron Ore Tailings

S/n Parameter Value
1. Permeability 6.24 x10 cm/sec
i Porosity 35%

1il. Specific Gravity 3.58

Geochemical Speciation

The geochemical fractionation procedures results provided information on the potential mobility
and bioavailability of the studied elements in this research. The distribution of heavy metals in the
sample can be used to predict their mobility and bioavailability factor was expressed as the ratio of
the available concentration of a metal in tailing to its total concentration. It predicts the potential or
a particular metal for the soil matrix to enter the tailing solution from which it can enter food chain
via plants Mobility factor was expressed as the percentage of bioavailability faction shown in Table
4. Nickel and Zinc was found to be considerably high in Fi, F2 which are mobile region and in F3
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which is slightly mobile region but the higher concentration of Ni found in residual fraction (F5).
This implication of this result is that Nickel and Zinc partially enter into the food chain.

Chromium and Cadmium concentration result indicated that these metals can easily enter into the
food chain because of their presence in the mobile region and their higher mobility percentage. Fe is
easily extractable for all the fractions with a considerably high concentration. Since the study are
covered by Iron tailings

Recoveries and Mobilities and Bioavailability Factor of Element

The metal concentrations, percentage recovery, mobility and bioavailability factors to all sequential
extraction steps including the residual phase fractions, determined at each extraction step in Table 6,
indicated that metal has a characteristic distribution pattern.

Table 6 show the mobility and bioavailability factors and percentage recovery of Ni for all the
sequential extractions steps. The MF of Ni gave average value of 19.1% while average BF of Ni
was 0.19.the percentage recovery of Ni ranged from 94.69-93.28%.the high MF and BF value of
tailing N1 may be interpreted as symptoms of relatively high liability and biological availability of
the metals in tailings [25; 26]. Similar characteristics distribution patterns were observed for Cd, Cr
and Fe except Zn with low Mf of 13.8% and Bf of 0.14 as shown in Table 4. The average mobility
of Ni, Cd, Cr, Fe and Zn levels of all five fractions were in the order: Cd > Cr > Fe > Ni > Zn.

Table 4. Geochemical Fraction of Itakpe Iron Tailings

Element Sample F1 F2 F3 F4 F5 Total Original % Bf  %Mf
Sample Recovery

Ni 1 6.20 645 5.00 1.00 4755 6620 6991 94.69 0.19 19.10

2 850 7.50  5.00 0.00 46.01 67.01 71.84 9328 0.24 23.80

Zn 1 3.50 1250 11.10  7.00 33.00 67.10 58.19 11531 0.24 23.80

2 240 6.00 946 7.00 36.00 60.86 59.81 101.76 0.14 13.80

Cr 1 0.01 222  0.00 241 0.40 504  6.58 76.59 0.44 44.20

2 0.01 478  0.00 4.22 0.81 9.82 12.00 81.83 0.39 39.90

Cd 1 0.05 0.20 0.34 0.15 0.15 0.89 1.67 53.29 0.28 28.10

2 .10 030  0.30 0.05 0.05 1.80  2.10 85.71  0.67 66.70

Fe 1 23.40 490.15 460.10 54590 318.20 1837.752560.20 71.78 0.27 27.90

2 25.50 360.90 450.50 380.80 450.00 1667.70 2765.90 60.29 0.23 23.20

Mineralogy Analysis

In total 30 crystalline phases were identified and quantified from tailings composite samples as
shown in Figure 2 shows the mineral composition of Iron Ore Tailings (IOT). X-ray diffraction
(XRD) analysis indicates that the main crystalline phases were quartz (SiO2), Hornblende,
Amphibole, Haematite, Magnetite, Calcite and Plagioclase.
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The tailing profile is rich in Quartz (0.92-12.28%), Plagioclase (3.24-6.01%), Chlorite (4.40-
5.64%), Amphibole (1.14-2.59%) and Kaolinite 2.24%. Iron oxides are present in substantial
concentration in the tailings (Haematite 3.68-7.38%, Magnetite 2.09-5.52%).

I
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Figure 2. XRD Pattern of Itakpe Iron Ore Tailings

Conclusions and Recommendations

The Itakpe iron ore mine tailings is fine medium sand with low porosity, permeability and high
specific gravity. The main crystalline phases of the tailings were quartz (SiO2), Hornblende,
Amphibole, Haematite, Magnetite, Calcite and Plagioclase. Geochemical fractionation results
indicated that Nickel and Zinc partially enter into the food chain.

Chromium and Cadmium concentration result indicated that these metals can easily enter into the
food chain because of their presence in the mobile region and their higher mobility percentage. The
average mobility of Ni, Cd, Cr, Fe and Zn levels of all five fractions were in the order: Cd > Cr > Fe
> Ni > Zn. There is need for improvement in the beneficiation process of the iron ore which will
lead to increase recovery of the hematite-magnetite ore. Also, the oil industry in Nigeria should be
encouraged to continue to make use of the tailings for pipeline protection.
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