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Abstract

Tin mining operations on the Jos Plateau have left a lasting impact on the environment, resulting in derelict land, mine spoils, and over a thousand
abandoned mining ponds. These ponds have become potential hazards, endangering unsuspecting members of the public. This study aims to
provide a comprehensive geochemical and geotechnical characterization of the mine spoils to assess their suitability for the reclamation and
restoration of the degraded mined lands. The geochemical analysis reveals that the mine spoils exhibit a moderate to strong level of acidity, with
a pH range of 3.91 to 5.90 (average: 4.85). Furthermore, they display deficiencies in essential nutrients such as phosphorus (average: 0.02%)
potassium (average: 0.31%), as well as copper (average: 19.15 ppm). Notably, the mine spoils are enriched in iron (average: 6.31%), manganese
(average: 165.15 ppm) and zinc (average: 53.24 ppm). These findings highlight the inadequate presence of both micronutrient and macronutrient
elements which are necessary for successful revegetation which is a crucial component of reclamation. Results from the geotechnical tests
indicate that the mine spoils possess an average fines content of 56.03%, a mean liquid limit of 38.06%, and a mean plasticity index of 15.52%.
Additionally, the average linear shrinkage value is measured at 10%. The average values for maximum dry density (MDD) and optimum moisture
content (OMC) are 1.65 g/cm3 and 19%, respectively. The unsoaked California bearing ratio (CBR) averages 34.64%, while the coefficient of
permeability for the spoil is approximately 1.24x10~* mm/sec. Furthermore, the spoils average cohesion (C) was measured to be 12.15° while
the mean angle of internal friction (¢) is 30.77 KN/M?2. These results collectively indicate that mechanical and chemical stabilization, involving
the use of lime, fly ash, and other soil-stabilizing agents is imperative for the effective reclamation of the degraded lands using the mine spoils.
Such measures if adopted and implemented will mitigate the risk of accidents and drowning incidents from mining ponds and other abandoned
pits involving unsuspecting members of the public and will contribute to the overall environmental restoration efforts in the Jos-Bukuru Tin Field.
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1. Introduction and national development, it has had significant environmen-
tal impacts leading to the formation of; spoil heaps, gully ero-
sion, sheet erosion, water pollution, river diversion and block-
age, mining ponds, and abandoned mine pits [2]. According
to Mallo [3], there are currently 1000 mining ponds covering
an area of 17 Km? in the Jos-Plateau tin fields and it is esti-

Tin mining began in Jos, Plateau State, Nigeria, in 1904
during the colonial era [1]. Despite its importance to the state

*Corresponding Author Tel. No.: +234-803-769-8271.
Email address: dakus@unijos.edu.ng (Sunday Sani Daku)


https://nsps.org.ng
https://creativecommons.org/licenses/by/4.0

Daku & Igwe / J. Nig. Soc. Phys. Sci. 6 (2024) 1921 2

Figure 1. Photograph showing (a) Remnant of the mine spoil (b) Unreclaim Mining Pond close to the collapsed structure at Kwang.

mated that mining activities have devastated about 316km2 of
arable land, with only about 13 Km? reclaimed. Studies by
Adiuku-Brown [4] indicated that between 1980 and 1993, there
were 119 accidents in these mining areas, resulting in 106 fatal-
ities. According to recent reports, 33 persons were reportedly
killed in Barkin Ladi Local Government Area alone in the past
two months as a result of mine site collapse [5]. In addition,
there have been several deaths resulting from underground mine
(loto) collapse and drowning in mining ponds and pits that have
gone unreported.

Mining wastes can have various negative impacts on the en-
vironment such as soil erosion, air and water pollution, toxic-
ity, natural disasters, loss of biodiversity and economic decline
[6, 7]. Therefore, it is crucial that mineral extraction processes
ensure the reclamation of mine lands to make it productive [8].
The Plateau State government intends to restore mining sites
as closely as possible to their maximum positive value through
reclamation and rehabilitation [3]. For mine spoils to be ef-
fectively used for reclamation, it is essential to ascertain their
chemical, physical, biological and geotechnical components.

High potential acidity (low pH) significantly affects mine
spoil productivity. As rock particles oxidize and weather,
pyritic minerals (FeS), if present, convert to sulphuric acid
and significantly lower pH. However, Maiti [9] assert that
carbonate-bearing minerals (Ca,Mg,(CO3) tend to raise pH as
they weather and dissolve. Vegetation grows most effectively
when the pH in a mine spoil is neutral. Therefore, Refs. [10, 11]
stated that a mine spoil pH in the range of 6.0 — 7.5 is ideal
for forages and other agronomic and horticultural plants. In a
mining waste site located in Central Coalfield Limited’s (CCL),
North Karanpura area in the Ranchi district of Jharkhand State
of India, Ref. [12] reported values of pH ranging from 4.9 to
5.3, which indicates the acidic character of the dumps.

In general, overburden mining waste dumps reportedly have
low concentrations of three major macronutrients namely; N,
P, and K [7, 13]. Some of the important metallic micronutri-
ents that are essential for plant growth are Fe, Mn, Cu, and
Zn. Because of the constant weathering of rocks coupled with
primary minerals, these micronutrients are present in the soil.
When these metals dissolve, they do so in harmful amounts that
could slow down plant growth, because they are more soluble in
acidic solutions [14—16]. When restoring acidic coal overbur-
den, Maiti and Ghose [12] observed that increasing the pH and
organic matter content are crucial for the long-term reclamation
of mining overburdens. According to Nicolau [17], Moreno- de
las Heras [18] and Hu et al. [19] soil for reclamation that con-
tains more than 50% stone should be assessed as being of poor
grade. According to Maiti and Saxena [20], the stone composi-
tion of overburden dumps from coal mines can range from 80 to
85%. Stone content in overburden dumps was reported by Ref.
[12] to range from 35% to 65%, with an average value of 55%.
The relative proportions of sand (2.0 - 0.05 mm), silt (0.05 -
0.002 mm), and clay (0.002 mm) sized particles influence the
texture of the soil. Sand-like mine spoils are not capable of
retaining as much water or minerals as soils with finer textures
such as loams and silts [8]. In general, soils with loamy textures
have an optimal distribution of particle sizes. Where siltstone
spoils predominate, silt-loam textures are frequent [21]. Fur-
thermore, Ref. [21] reported that the maximum percentage of
sand and clay needed for reclamation in mined soil at the Sin-
grauli coal field, India, were 66% and 8.6% respectively while
Refs. [22, 23] reported that the greatest sand and clay content
in mine spoil overburden to be 80% and 11% respectively if it
is to be used for reclamation. Sheoran et al. [8] recommended
that revegetation is the most widely acknowledged and prac-
tical method of reclaiming mine wastes to lessen erosion and
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Figure 2. (a) Men reworking the mine spoil for Tin at Rayfield resort (b) Collapsed structure constructed on unstablized reclaimed land at Kwang.

safeguard the soil against deterioration.

Rooting depth in mine spoils are constrained by high bulk
density, therefore, natural soils that are agriculturally pro-
ductive should range in bulk density between 1.10 to 1.50
g/cm3 [12]. However, Rimmer and Younger [24] found a bulk
density of up to 1.80 Mgm™ in the soil beneath a grass sward
in the United Kingdom making it difficult for effective plant
growth. Majority of plant species cannot efficiently extend their
roots through high bulk-density mine wastes as plant growth is
directly hampered by compacted soil. Thus, rooting constraints,
compaction, and poor capacity to retain water, high bulk den-
sity, and a lack of micronutrient and macronutrient elements are
the main variables restricting mine spoil productivity. Mamata
and Amiya [25] emphasized that strategies should take into ac-
count textural composition, physicochemical characterization,
soil fertility/quality, microbial community structure, soil man-
agement practices, and nutrient cycling at least to the level that
existed before mining when using mine spoil for reclamation.
It is crucial to remember that reclamation aims to lower the risk
of water pollution, restore the landscape aesthetics and produc-
tivity and stop further deterioration.

The Jos- Bukuru area have been devastated by many years
of unregulated mechanized mining of tin and other associated
minerals leaving in its wake mine spoils (Figure 1a) and mining
ponds (Figure 1b). The degradation of the land has continued
unabated through digging and reworking of the mine spoils by
artisanal miners (Figure 2a). Furthermore, due to paucity of
lands for construction of residential and other infrastructures,
some of the yet to be stabilized but reclaimed lands are been
utilized for construction which has led to economic losses due
to collapse of infrastructures (Figure 2b).

Numerous scholars including Refs. [3, 4, 26, 27] have ex-
amined the fatalities, environmental effects and deterioration

caused by tin mining on the Jos — Plateau. However, there is
no known research output to characterize these materials gen-
erated by tin mining activities for use in the reclamation of the
degraded lands. Given the growing population and urbanization
in the area, it is important to effectively reclaim these derelict
lands for appropriate occupation and utilization. This can only
be achieved if the soil possessed the requisite geotechnical and
geochemical properties so that the incidences of infrastructural
collapse due to poor engineering soil properties as well as the
inability of the soil to support revegetation due to lack of essen-
tial micronutrient and macronutrient elements will not be ex-
perienced. Therefore, the geotechnical and geochemical char-
acteristics of the mine spoil is being investigated to determine
its suitability or otherwise to reclaim the derelict and degraded
lands that has become death trap for mine workers and other
unsuspecting members of the public.

2. The study area

The study area is situated between latitude 9°40° 00" —
9°55'00"N and longitude 8°50'00"- 9°00'00"E and covers an
area of four hundred and five (405) square kilometers. It is bor-
dered geographically to the north by Jos North, to the east by
Jos East, to the west by Riyom and the south by Mangu and
Bokkos Local Government Areas as shown in Figure 3.

Two primary relief systems; the highlands and lowlands
with a dendritic drainage pattern, defines the study area (Fig-
ure 4).

The geology of the study region is a component of the Jos-
Bukuru younger granite Complex, which has been the subject
of in-depth investigation by Refs. [28-30]. Biotite-granite,
specifically fine-grained biotite granite and porphyritic biotite
granite, makes up the majority of the younger granites in the
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Figure 3. Topographic map of the study area subset from the map of Plateau State.

study area (Figure 5). The younger granites occur in the study
area as chains of highlands of variable heights (Figure 6) with
fine, medium, coarse grained and porphyritic textures.

3. Materials and Methods

3.1. Sampling

Mine spoil samples were collected from abandoned tin and
columbite mine sites within the Jos- Bukuru tin mining fields.
The samples were collected following the United States Envi-
ronmental Protection Agency [31] procedures. To obtain a rep-
resentative sample of the soil, samples were taken from the dif-
ferent strata of the face of the mine spoil heap. Due to the mine
spoils’ heterogeneous nature, different soil components were
taken from the top, middle, and bottom of the heap. The lumps
were then broken and thoroughly mixed to produce a composite
sample. For this investigation, a total of 45 samples were gath-
ered and examined. To retain the soil’s natural wetness, the soil
samples were then gathered into airtight bags (big polythene
bags enclosed in sacks). The samples were then taken from
the field to the Geology and Soil laboratory of the Department
of Civil Engineering at Kaduna Polytechnic for Geotechnical
analyses, while a portion was pulverized at the Geochemistry

laboratory of the Department of Geology, University of Jos and
transported to Bureau Veritas (ACME) laboratory, Vancouver,
Canada for Geochemical analyses using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) instrumentation method.

3.2. Geochemical Analyses

Tin mine spoils are chemically heterogeneous containing
major, trace (heavy metals), rare and in some cases radioac-
tive elements. Sample splits of 0.25g were analyzed using
the Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
instrumentation method. The samples were pulverized and
split into a representative portion for ultra-trace geochemical
multi-acid digestion using HF-HNO3-HClIO4 and HCl. Pre-
pared samples were thoroughly dried using an acid solution of
(2:2:1:1) H,O-HF-HCl1O4-HNOs3, 50% HCI was then added to
the residue, heated using a mixing hot block, and the solutions
were transferred to test tubes. For several Cr and Ba minerals,
as well as some oxides of Al, Hf, Mn, Sn, Ta, and Zr, this diges-
tion is only partial as there may be some As, Sb, and Au loss
due to volatilization during fuming. The analysis was carried
out following procedures described by Bureau Veritas Labora-
tory, Canada (ACME).
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Figure 4. Relief map of the study area showing sampling sites.

The soil samples were pulverized and 20g was placed in a
beaker and 10ml of distilled water was added and gently stirred.
Following that, the pH of the soil-water mixture was determined
using an Apere instrument pH meter. This was carried out in the
Geochemistry Laboratory of the University of Jos” Department
of Geology. The equipment used for this includes a measuring
cylinder, a beaker, a stirrer, distilled water, and a measuring
scale.

3.3. Geotechnical Tests

Geotechnical examinations including sieve analysis, Atter-
berg consistency limits test, compaction, shear strength, per-
meability, and California bearing ratio (CBR) tests was per-
formed on the samples at the Geology and Soil Laboratory of
Kaduna Polytechnic. These analyses were conducted in con-
formity with British Standard procedures [32] for the Atterberg
consistency limits test, compaction, shear strength, permeabil-
ity and California bearing ratio (CBR) while the hydrometer
test was done using the Ref. [33] procedures.

4. Results and Discussion

4.1. Chemical characterization

The chemical composition of the mine spoils as well as the
descriptive statistics are presented in Tables 1 and 2 respec-
tively.

4.1.1. Soil pH

The most often utilized indicator of mine soil quality is soil
pH, which measures active soil acidity. Mine spoils in the study
area have pH values ranging from 3.91- 5.90 with an average of
4.85 as can be seen in Table 1. The lowest value (more acidic)
of 3.91 was found in sample SSD 33 located at Gura Topp while
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Figure 5. Geologic map of the study area.

the highest value (least acidic) of 5.90 was found in sample SSD
40 situated at Kwang-Hei. This implies that the mine spoils
are very strongly acidic to moderately acidic [34]. The acidic
nature of these soils had earlier been reported in Refs. [35,
36]. Olowolafe [37] attributed the low pH of the soil to be due
to the granitic parent rocks that underlie the Jos- Plateau tin
mining area as well the abundance of laterites. Low pH causes
hazardous metals (Al, Fe, and Mn) to become more soluble and
available, which may inhibit the growth of N-fixing bacteria,
plants and prevent the leaching of important elements [35]. The
implication of this is that the mine spoil when in contact with
water may lead to corrosion of critical infrastructures such as
metal pipes that may be buried under it in the course of eventual
development of the reclaimed land. Also, plant growth will also
be hampered if optimum growth and productivity of the soil is
to be expected. By pre-treating the soil with lime, fly ash, and
other soil-neutralizing agents, the pH of the soil can be raised
thereby reducing the soil corrosive potential and the likelihood
of the formation of complex ions which may be detrimental to
human health, infrastructure and the environment.

4.1.2. Soil Fertility

Soil fertility is dependent on the availability of plant nutri-
ents and these nutrients are defined by Ref. [38] as chemical
components that are generally necessary for plant growth and
reproduction. Macronutrients such as C, H, O, N, P, K, Ca, Mg,
and S are crucial for plant growth. Although ion antagonism or
cation competition caused by an excess of certain elements in
the soil might lead to a deficiency in other elements [39]. Mi-
cronutrients including B, Cl, Fe, Mn, Cu, Zn, Mo, and Ni are
among those that are present in smaller amounts than macronu-
trients. The constant weathering of rocks mixed with primary
minerals is responsible for the availability of these elements in
the soil, which are generally significant and necessary for plant
growth [7, 13].

The concentration of micronutrients and macronutrients (el-
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Table 1. Concentrations of some micronutrient and macronutrient elements and pH of mine spoils in the study area.

SAMPLE Mo Cu Zn Ni Mn Fe Ca P Mg K pH
ID

SSD 1 4.10 18.00 160 28.6 197 6.61 0.04 0.026  0.06 0.17 5.31
SSD 2 5.50 21.00 97 38.6 247 5.64 0.05 0.019 0.1 0.41 4.72
SSD 3 5.00 2690 35 339 194 10.50 <0.01 0.027  0.03 0.1 4.95
SSD 4 7.60 4090 34 46.2 337 13.19  0.04 0.039  0.09 0.24 491
SSD 5 5.00 4490 45 46.5 202 10.51 0.07 0.029  0.09 0.28 5.48
SSD 6 7.60 3460 50 39.1 362 6.77 0.04 0.029  0.08 0.25 4.15
SSD 7 11.20 3240 56 30.5 191 8.41 0.03 0.028  0.09 0.58 4.74
SSD 8 7.10 22.90 101 233 395 10.61 0.04 0.02 0.12 0.38 4.98
SSD 9 12.80 18.30 53 23.1 213 9.44 0.03 0.035 0.05 0.21 5.57
SSD 10 3.40 10.10 42 15.3 191 3.68 0.03 0.016  0.06 0.42 4.84
SSD 11 5.60 8.20 68 16.7 76 3.19 0.02 0.008  0.04 0.18 5.00
SSD 12  8.10 21.60 121 20.1 321 5.70 0.05 0.019  0.08 0.81 5.40
SSD 13  6.20 9.00 26 124 64 3.80 <0.01 0.019  0.02 0.05 4.84
SSD 14 4.90 9.50 26 16 61 3.02 <0.01 0.017  0.02 0.07 4.42
SSD 15 10.80 16.10 32 21.3 113 7.91 0.02 0.023 0.03 0.08 5.03
SSD16  21.50 1290 44 22.2 107 6.64 <0.01 0.024  0.02 0.06 4.18
SSD 17 230 18.30 59 25.9 126 3.57 0.07 0.02 0.08 0.22 5.54
SSD 18  5.60 2460 52 353 154 9.01 0.07 0.026  0.09 0.26 5.77
SSD19  2.60 5.00 38 8.8 53 1.42 <0.01 0.011 0.01 0.05 4.03
SSD20  4.50 18.50 46 33.6 176 8.58 0.05 0.026  0.11 0.71 4.95
SSD21  2.60 19.30 40 36.9 106 3.75 0.07 0.016 0.1 0.37 4.70
SSD22  1.60 11.20 35 23.7 90 2.28 0.06 0.012  0.09 0.5 4.78
SSD23  7.30 2460 51 29.3 124 8.89 0.03 0.025 0.07 0.36 4.87
SSD24 890 2470 59 42.8 209 10.31 0.05 0.026  0.09 0.25 4.98
SSD25 230 12.60 46 20.1 90 2.61 0.06 0.013 0.07 0.35 5.28
SSD26  8.40 1490 42 26.3 111 6.13 0.02 0.018  0.05 0.27 4.90
SSD27  6.70 18.90 68 26.9 125 5.59 0.05 0.022  0.07 0.23 4.93
SSD28  2.80 20.70 39 334 148 5.05 0.07 0.016 0.1 0.35 5.04
SSD29  3.20 1640 47 27.7 124 3.63 0.04 0.016  0.08 0.34 4.35
SSD30  5.10 2060 77 39.3 151 6.00 0.08 0.02 0.1 0.27 5.36
SSD31  3.80 21.20 39 40.2 296 6.80 0.07 0.023 0.12 0.55 4.95
SSD 32 840 22.10 45 48.7 151 7.23 0.05 0.026  0.07 0.17 5.03
SSD33  7.80 28.70 30 38.6 187 8.86 <0.01 0.024  0.04 0.09 3.91
SSD34  13.80 11.00 55 354 107 5.94 0.02 0.029  0.03 0.08 4.80
SSD35  4.10 1190 42 15.8 118 3.51 0.03 0.01 0.06 0.54 4.45
SSD36  7.20 26.40 82 31.6 187 1040  0.04 0.028  0.06 0.22 4.63
SSD 37  6.20 17.60 58 25.1 122 7.20 0.02 0.024  0.06 0.29 4.99
SSD38  2.00 18.50 30 40.5 114 3.92 0.05 0.014  0.09 0.27 497
SSD39  1.80 20.70 76 42.6 234 4.24 0.22 0.024  0.29 1.67 4.53
SSD40  2.80 18.60 56 29.1 118 4.19 0.09 0.026 0.1 0.6 5.90
SSD41  4.40 17.50 29 28.9 168 5.04 0.03 0.021 0.06 0.19 4.40
SSD42 1130 2050 42 28.1 182 11.75 0.02 0.028  0.04 0.11 4.59
SSD43 290 7.20 26 10.8 61 2.03 0.01 0.015 0.02 0.08 4.23
SSD 44 7.30 11.30 53 214 107 6.67 0.02 0.031 0.03 0.11 4.30
SSD45  4.70 11.30 44 17.2 222 3.67 0.04 0.017  0.06 0.31 4.70

The micronutrients are measured in Parts per million (ppm) while the macronutrients are measured in percentages (%).

ements) in the mine spoils is presented in Table 1 and are as fol-
lows; Mo (1.60 — 21.50 ppm with an average of 6.19 ppm), Cu
(5.00 — 44.90 ppm with an average of 19.15 ppm), Zn (26.00
— 160 ppm with an average of 53.24ppm), Ni (8.80 — 48.70
ppm with an average of 28.84 ppm), Mn (53.00- 395 ppm with

average of 165.15ppm), P (0.01 — 0.04% with an average of
0.02%) and K (0.05 — 1.67% with an average value of 0.31%),
Fe (1.42 — 13.19% with an average of 6.31%), Ca (0.01 — 0.22
with an average of 0.04%,) and Mg (0.01- 0.29 with an aver-
age of 0.071%). For optimum plant growth, these elements are
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Figure 6. Digital elevation model of the study Area.

required in certain concentrations as proposed by Jensen et al.
[39]. Table 2 below compares the measured concentration of
the essential micronutrient and macronutrient elements in the
mine spoils with the proposed standards.

The concentration of macronutrient and micronutrient ele-
ments of the mine spoils compared with the adequate concen-
tration required by green plants for optimum growth, shows that
the soils are enriched in Fe, Mn, Mo, Ni and Zn but deficient in
Ca, Mg, P, K and other micronutrients. The high degree of later-
alization may be the cause of the high Fe concentration as well
as low pH values of the soil. The descriptive statistics of the el-
ements reported in Table 3 indicate that there is no widespread
enrichment or deficiency of these (Mn, Mo, Ni, Zn, Ca, Mg, P
and K) elements. This supports the findings of Ref. [40], who
found shortages in micronutrients such as B, Cu, and Zn as well
as exchangeable K and Mg in some soils derived from biotite
granites of the Jos Plateau. The shortages of these elements can
be attributed to crop removal, leaching, erosion, and the acidic
character of majority of the soil. These metals can dissolve in
acidic solutions to generate harmful complex concentrations of
the elements that may impede plant growth [12, 14—16]. This
suggests that to use these soils (mine spoils) for reclamation
and subsequently revegetate the land, the fertility of the soil
will need to be improved for optimum plant growth and pro-
ductivity.

4.2. Geotechnical Characterization

The geotechnical results for ease of description and discus-
sion are divided into index properties and strength properties.

4.2.1. Index Properties

Soil’s index properties reveal how soil will behave qualita-
tively under different kinds of loads. These properties include
particle size distribution, liquid limit, Plastic limit and linear
shrinkage as summarized and presented in Table 4.
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Figure 7. Plasticity chart of soil in the study area.

4.2.2. Atterberg Limits

The Casagrande plasticity chart (Figure 7), which includes
the A-line, is crucial for classifying soils [41]. The liquid limit,
plastic limit, plasticity index and linear shrinkage values of the
investigated soils ranged from 0 —55%, 18.18-33.33%, 6.47—
24.29% and 5.00 — 13.57% respectively. While the average
values for the linear shrinkage, plasticity index, plastic limit,
and liquid limit are respectively, 38.06%, 15.52%, 15.52%,
and 10.33%. The three soil properties of particle size distri-
bution, liquid limit, and plasticity index are then used to cate-
gorize the examined soil samples into CL (low plasticity), CI
(medium plasticity), and CH (high plasticity). According to
Casagrande’s chart (Figure 7), all forty-five (45) of the soil sam-
ples that were examined are clays of medium or intermediate
plasticity.

Atterberg limits and clay content are combined into one pa-
rameter to determine the “activity” of clay in the soil [42]. Ra-
tio of the plasticity index and percentage of clay-sized fraction
in the soil as shown in Table 4 gives a measure of clay activ-
ity which determines the likelihood of the soil to exhibit col-
loidal behavior and also gives an indication to the mineralogy
of clays present in the soils. Fundamentally, the physicochemi-
cal qualities of the various constituent minerals and the relative
amounts in which they are present influence the properties of
clay soils. Activity numbers less than 0.75 indicate that the
mineral is inactive, 0.75-1.25 is normal, and larger than 1.25 is
active [42]. Activity values between 1 and 2 correlate to illite,
activity greater than 2 corresponds to montmorillonite, and ac-
tivity less than 1 refers to kaolinite. The investigated soils have
an average clay activity of 0.90 and ranges from 0.19 to 3.66.
Kaolinite and illite have non- expansive lattices, whereas that of
montmorillonite is expansive [43]. This is because montmoril-
lonite is characterized by a three-lattice structure that is capable
of swelling and shrinking due to its cation exchange properties.
The results of the soil investigation shows that kaolinite make
up (73.33%) and illite (17.77%) of the clay minerals in the soils
and this is found in Kop- Kop, Dunduma, Bisichi, Dwei, one
location in Zawan, Gura- Topp, parts of Dura, Anguldi, Kwang
and Rayfield. Montmorillonite (8.88%) was also found in some
of the soil samples examined, notably in Zawan, parts of Dura
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Table 2. Concentration of macronutrient and micronutrient elements in green plants (after Jensen et al, 2010) compared with the measured concentration in the mine

spoil of the study area.

Adequate concen-
tration (ppm)

Measured  average
concentration (ppm)

400
700
210
3,130

Macronutrients

Ca 5000
Mg 2000
P 2000
K 10,000
Micronutrients

Cu 100
Fe 6
Mn 100
Mo 0.1
Ni 0.05
Zn 20

19.15
6.30
165
6.19
28.84
53.24

The concentration of some elements measured in percentage was converted to
ppm using a factor of 10,000. Also, macronutrients such as N, O, C, Hand S
are not listed and CI and B were not investigated.

Table 3. Descriptive statistics of micronutrient and macronutrient element con-
centration.

Minimum Maximum Mean Std. De-
viation

Mo 1.60 21.50 6.1956 3.79719
Cu 5.00 44.90 19.1578  8.34208
Zn  26.00 160.00 53.2444  26.02635
Ni  8.80 48.70 28.8400  10.13974
Mn 53.00 395.00 165.1556 80.71131
Fe 1.42 13.19 6.3087 2.89756
Ca 0.01 0.22 0.0485 0.03438
P 0.01 0.04 0.0219 0.00665
Mg 0.01 0.29 0.0716 0.04441
K 0.05 1.67 0.3133 0.27428
Ph 391 5.90 4.8529 0.44753

and Anguldi. When these soils, particularly those containing
kaolinite and illite are used for reclamation and for construc-
tion purposes, the incidences of swelling and shrinking leading
to structural settlement and collapse may not be experienced,
especially when appropriately compacted. However, the same
cannot be said of the samples containing montmorillonite.

4.2.3. Grain size distribution

Grain size analysis is important in determining the strength
as well as the particle size distribution of soils for engineering
purposes [44]. The grain size analyses show that the percent-
age of clays, silts, sand and gravel ranged from 5.31- 69.66%,
16.90-53.07%, 0.99-58.45%, and 2.10-22.80% while the av-
erage composition of clay, silt, sand and gravel is 25.70%,
30.32%, 41.06% and 8.96% respectively. However, the per-
centage fines (Silt and Clay) range from 28.78 — 99.901% with
an average of 56.03%. The clay distribution map is shown in
Figure 8. The high clay and silt content of the soil makes it
good for mine-out areas to be reclaimed, especially if the re-
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Figure 8. Distribution map of clay content in samples of the study area.

claimed land is to be planted with new vegetation [8]. This is
because of the ability of silt and clay to retain water which is
highly needed for plant growth and productivity. Also, recla-
mation and subsequent occupation of the degraded lands will
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Table 4. Summary of index engineering properties of mine spoils in the study area.

Sample LL PL PI LS Gravel Sand  Silt Clay  Fine Activity Clay type

ID () (B () () () () () (%) (%)
SSD1 28 18.18 9.82 7.86 10.5 3548 3323 20.79 54.02 0.47 Kaolinite
SSD2 40 21.58 1842 10.71 - 19.51 29.16 5133 80.49 0.35 Kaolinite

SSD3 44 28.72 1528 11.43 228 30.1 30.65 1645 47.1 0.92 Kaolinite
SSD4 33 22.88 10.12 10.00 9.2 27.05 2591 37.84 63.75 0.26 Kaolinite
SSD5 44 2049 2351 1071 - 36.1 21.83 42.07 63.9 0.55 Kaolinite
SSD6 45 23.37 21.63 1143 - 3534 4392 20.74 64.66 1.04 Illite

SSD7 40 25.66 1434 1143 56 3457 305 2933 59.83 0.48 Kaolinite
SSD8 44 25.54 1846 11.43 3.69 44.06 2875 2350 52.25 0.78 Kaolinite
SSD9 37 2247 1453 7.14 21.89 4933 20.13 8.65 28.78 1.67 1llite

SSD10 30 23.08 692 5.00 2038 50.82 1848 1032 28.8 0.67 Kaolinite
SSD11 55 3333 21.67 1143 1023 5021 24.61 1495 39.56 1.44 Ilite

SSD12 30 2094 9.06 929 9.1 47.82 2735 1573 43.08 0.57 Kaolinite
SSD13 36 2198 14.02 10.00 4.89 53.77 26.86 1437 41.23 0.97 Kaolinite
SSD14 42 26.68 1532 1071 249 49.1 21.86 26.55 4841 0.57 Kaolinite

SSD15 30 23.53 6.47 10.00 - 49.78 2047 29.75 50.22 0.21 Kaolinite
SSD16 44 30 14 1143 2.1 53.55 1747 2646 43.93 0.52 Kaolinite
SSD17 40 21.89 18.11 10.71 - 29.79 44775 2546 70.21 0.71 Kaolinite
SSD18 39 2727 11.73 1071 - 32.08 4231 25.61 67.92 0.41 Kaolinite
SSD19 38 23.02 1498 10.71 53 5845 2599 10.26 36.25 1.46 Illite

SSD20 42 21.98 20.02 1071 - 25.19 29.73 45.08 74.81 0.44 Kaolinite
SSD21 30 20.34 9.66 929 - 26.7 53.07 2023 733 0.477 Kaolinite
SSD22 42 2042 21.58 10.71 - 417 47.63 10.67 583 2.02 Montmorillonite
SSD23 41 28.58 1242 1143 - 4227 4692 10.81 57.73 1.14 1llite

SSD24 43 20.87 22.13 11.43 - 43.86 50.11 6.03 56.14 3.66 Montmorillonite
SSD25 43 2390 19.10 11.43 - 4733 4736 531  52.67 3.59 Montmorillonite
SSD26 41 2242 1858 10.71 1236 565 19 12.14 31.14 1.53 Illite

SSD27 30 2247 753 929 - 38.36 2771 3393 61.64 0.22 Kaolinite
SSD28 30 19.41 10.59 857 - 33.06 31.12 3582 66.94 0.29 Kaolinite
SSD29 40 23.54 1646 1071 246 5094 2493 2124 46.17 0.77 Kaolinite
SSD30 40 2457 1543 1143 - 3331 21.99 44770 66.69 0.34 Kaolinite
SSD31 43 18.71 2429 1214 - 43.62 2299 33.89 56.88 0.71 Kaolinite
SSD32 29 18.75 10.25 643 - 46.59 169 36.51 53.41 0.28 Kaolinite
SSD33 40 20.61 1939 10.71 - 29.24 19.02 51.74 70.76 0.37 Kaolinite
SSD34 48 23.81 24.19 1357 - 15.22 2356 6122 84.78 0.39 Kaolinite
SSD35 41 21.05 1995 10.71 - 49.98 29.28 20.74 50.02 0.96 Kaolinite
SSD36 39 21.89 17.11 10.00 - 33.64 4143 2493 66.36 0.68 Kaolinite
SSD37 38 20.83 17.17 9.29 - 4895 24.02 27.03 51.05 0.63 Kaolinite
SSD38 41 25 16 11.43 - 49.12 252 25.68 50.88 0.62 Kaolinite
SSD39 35 21.64 1336 10.00 - 099 2935 69.66 99.01 0.19 Kaolinite
SSD40 42 27.78 1422 1071 - 49.27 283 4458 72.88 0.31 Kaolinite
SSD41 31 20.69 1031 10.00 - 46.8 3441 18779 532 0.54 Kaolinite

SSD42 40 23.81 16.19 1071 4.1 51.31 3832 627 4459 2.58 Montmorillonite
SSD43 31 2124 976  10.00 526 57.61 31.02 6.11 37.13 1.59 Illite
SSD44 47 25.66 21.34 1143 - 49.87 38.8 11.33 50.13 1.88 1llite
SSD45 35 21.89 13.11 10.00 49.57 282 2223 5043 0.58 Kaolinite
LL= Liquid Limit; PL= Plastlc Limit; Plasticity Index; LS=Linear Shrinkage

entail provision of critical infrastructure such as roads. There- requirement of >35% fines for soils to be used as subgrade or
fore, the mine spoils were evaluated and the data compared to sub-base in road construction. The high proportion of fines can
stipulated standards for road construction. Three samples lo- be attributed to the weathering of feldspars from granitic parent

cated at Tot Bisichi, Shen, Zawan and Hei-Rayfield meet the  rocks present in the study area.
Federal Ministry of Works and Housing (FMWH) in Ref. [45]
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Figure 9. Stacked compaction curve of soil samples with low MDD and
high OMC.

4.3. Engineering Properties

Engineering parameters of soils that can be used to charac-
terize soil’s engineering behavior include Compaction, Califor-
nia Bearing Ratio (CBR), shear strength, and permeability. A
summary of these properties is presented in Table 5.

4.3.1. Compaction

To avoid harmful consolidation under applied stress, soils
for construction must be compacted to attend high degree of
density [46]. The soils in the study region had a maximum
dry density (MDD) that ranged from 1.47 to 1.88 g/cm? at an
optimum moisture content (OMC) of 10.30 to 24.49%. The
compaction curves of the investigated soils have been divided
into those of low MDD with high OMC, medium MDD with
medium OMC and high MDD with low OMC as shown in Fig-
ures 9, 10, and 11.

It can be observed from Figure 9 that most of the soil sam-
ples have low maximum dry density (MDD) and high optimum
water content (OMC), followed by those with both medium
MDD and OMC (Figure 10) and the least samples have high
MDD and low OMC (Figure 11). Thirteen (13) representing
28.88% of the samples, exhibit MDD values above the Fed-
eral Ministry of Works and Housing (FMWH) [45] minimum
value of 1.70 g/cm3, which is required for construction pur-
poses. These samples are located in Bisichi, Doi, Shen, Buchet,
Anguldi, Dwei, Zawan,Gura Topp and Hei Rayfield. Unless the
soils samples with low MDD and high OMC and those with
both medium MDD and OMC are adequately compacted and
stabilized to reduce voids, increase strength, and decrease per-
meability, it is likely that the mine spoils will exhibit low bear-
ing capacities and eventually will not be able to function effec-
tively as construction materials due to their low maximum dry
density and optimum moisture content.

10
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Figure 10. Stacked compaction curve of soil samples with medium
MDD and medium OMC.

This further implies that the soil must be compacted above
the MDD and OMC values if it is to provide the best strength,
prevent water infiltration, and distribute structural stresses uni-
formly into the pavement components. The soil will how-
ever, support plant development and soil microorganism activ-
ity if the degraded lands and mining ponds are to be reclaimed
and revegetated because excessive compaction directly inhibits
plant growth [8].

4.4. California Bearing Ratio (CBR)

The strength of the subgrade of a road or other paved area, as
well as the materials used in its construction, are measured by
the California Bearing Ratio (CBR) [46]. Infrastructures like
roads are essential for the environment and a necessary tool for
socio-economic growth and development, therefore, the CBR
of the mine spoil was assessed to determine its suitability for
use as subgrade or sub-base material if roads are to be con-
structed on or with the mine soil in the future. The results of the
unsoaked California Bearing Ratio (CBR) ranged from 20.20—
60.72% with an average of 34.64%. All the soil samples ana-
lyzed have CBR values greater than the > 15% recommended
for highway subgrade soil material for road construction and
none meet the > 80% for use as sub-base road material spec-
ified by the Federal Ministry of Works and Housing [45]. If
these soils are to be utilized as a sub-base material for road
construction, they must be subjected to improvement strategies
to acquire the required strength, otherwise the road will experi-
ence rapid deterioration leading to economic losses. However,
the mine spoils will serve excellently as foundation (subgrade)
materials for roads.

4.4.1. Direct Shear Strength

One of the most crucial engineering characteristics of soil
is shear strength, since it is necessary whenever a structure de-
pends on the soil’s shearing resistance [47]. The tested soil’s
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Table 5. Summary of engineering properties of soils in the study area.

Shear Strength Test Compaction Characteristics
Sample ID C ¢ T MDD (g/crn3) OMC(%) CBR (%) Permeability

(KNM?) () (KN/MY) (mm/Sec)
SSD 1 31 14 1842 1.52 20.28 59.82 1.29x1073
SSD 2 31 13 19.55 1.56 21.71 48.94 1.80x1073
SSD 3 28 15  14.99 1.51 21.38 37.33 9.95x10~*
SSD 4 11 18  17.86 1.62 21.66 29.46 8.52x107*
SSD 5 30 15 17.76 1.6 21.74 24.17 1.35x1073
SSD 6 30 14 1592 1.5 24.17 43.23 9.34x107*
SSD 7 30 14 20.01 1.71 15.51 27.72 8.62x107*
SSD 8 14 19  18.38 1.64 19.58 24.05 8.90x1074
SSD 9 47 10 18.54 1.74 17.28 22.85 1.08x1073
SSD 10 29 15  18.11 1.82 14.19 30.66 8.99x107*
SSD 11 29 13 20.6 1.53 24.49 26.45 1.05x1073
SSD 12 18 18 17.27 1.84 16.52 26.81 8.66x1073
SSD 13 31 15 1775 1.72 14.69 27.05 1.35x1073
SSD 14 43 13 17.94 1.66 17.5 20.2 8.28x1074
SSD 15 40 12 18.76 1.58 19.93 32.59 1.10x1073
SSD 16 11 15  18.64 1.72 19.66 48.13 7.48x107%
SSD 17 30 10 18.76 1.70 16.46 28.86 1.08x1073
SSD 18 20 12 2043 1.56 19.7 39.14 8.59x1074
SSD 19 32 10 19.93 1.56 16.26 24.65 1.09x1073
SSD 20 27 10 17.51 1.61 17.63 36.07 1.07x1073
SSD 21 30 11 16.92 1.65 15.22 24.89 8.18x107*
SSD 22 23 11 19.36 1.77 21.3 26.33 7.36x107%
SSD 23 34 10 19.02 1.60 17.28 25.73 1.12x1073
SSD 24 38 10 17.6 1.62 18.8 48.82 9.53x1074
SSD 25 28 11 18.35 1.74 17.7 34.75 8.32x107*
SSD 26 40 10 17.78 1.64 21.48 32.59 8.62x107*
SSD 27 40 10 1847 1.76 18.6 41.3 1.20x1073
SSD 28 14 14 17.86 1.88 20.06 23.45 8.49x107*
SSD 29 25 10 18.1 1.72 17.8 47.13 1.62x1073
SSD 30 33 10 17.68 1.77 22.33 44.67 1.28x1073
SSD 31 33 10 193 1.62 21.48 47.86 1.14x1073
SSD 32 30 10 19.53 1.63 19.64 26.69 7.52x107%
SSD 33 30 11 19.12 1.66 19.29 29.28 1.29x1073
SSD 34 43 9 15.68 1.63 18.73 60.72 1.28x1073
SSD 35 40 10 19.69 1.64 18.55 34.87 8.60x107*
SSD 36 20 12 16.87 1.65 20.85 51.46 1.29x1073
SSD 37 12 15 18.67 1.64 17.53 33.07 1.28x1073
SSD 38 42 15 18.26 1.61 20.41 28.98 8.24x107*
SSD 39 44 10 18.31 1.47 16.77 4275 1.40x1073
SSD 40 41 10 18.62 1.63 19.02 35.83 1.25x1073
SSD 41 32 11 18.02 1.59 18.81 34.27 1.73x1073
SSD 42 44 9 20.19 1.68 20.34 31.56 8.60x107*
SSD 43 30 11 198 1.71 15.33 27.72 1.30x1073
SSD 44 49 10 18.21 1.59 20.56 35.29 7.64x1074
SSD 45 28 12 20.15 1.65 16.45 30.72 8.67x1074

cohesion (C) ranged from 11 to 49 KN/M?, whereas the angle
of internal friction (¢) ranged from 9 to 19°. The areas with very
low (9- 130) angle of internal friction are; Tot Bisischi, Kop—
Kop, Tim -Tim ret, Dwei, Doi, Gura -Suga, Anguldi, Zawan,
Gura — Top, Latya, Anguldi, Rayfield, Kwang, Hei and Dura.

11

These values demonstrate that the soils (mine spoil) in the study
area have low bearing capacity when considered in isolation
and cannot withstand greater vertical loads without undergoing
excessive deformation or settlement due to their low angle of
internal friction values [48, 49]. However, the relatively high
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Figure 11. Stacked compaction curve of soil samples with high MDD
and low OMC.

values of cohesion may act as additional force that will hold the
particles together thereby increasing the resistance to deforma-
tion under applied stress and enhancing the stability of the mine
spoils. Consequently, this will reduce the incidences of soil ero-
sion and infrastructural collapse when these materials are used
for reclamation and construction of massive engineering struc-
tures.

4.4.2. Permeability

The coefficient of permeability for the soils ranged from
1.05 x 1073 — 9.95 x 10~* mm/s with an average value of
1.24x1073 mm/s. According to Igwe et al. [50], this suggests
that the soil is silt to clay and can be categorized as medium
to low permeability soil. Zhao er al. [51] posited that soils
with hydraulic conductivity (k) less than 10~*cm/s (103 mm/s)
are considered to have low permeability. This implies that the
mine spoil is inadequately ventilated and has the potential to
obstruct the movement and supply of vital nutrients to plant
roots as well as the growth of beneficial nitrogen-fixing organ-
isms, which will result in poor plant growth and development
when use to restore the degraded mined land. However, due to
the poor permeability of the mine spoil, it can be utilized for
reclamation as water won’t easily seep into the soil and harm
the structures built on it.

5. Conclusion

The mine spoils of the Jos- Bukuru tin field has been in-
vestigated for the purpose of reclamation of the degraded land
caused by many years of unregulated mining of tin and other as-
sociated minerals on the Jos - Plateau. The spoils are strongly to
moderately acidic and has the potential of retarding the growth
and productivity of plants and may also corrode some criti-
cal metal infrastructure such as pipes that may be buried un-
derneath the spoils in the future. Some micronutrients and
macronutrients that are required for revegetation, which is cru-
cial for the reclamation of degraded areas, are deficient in the

soils. The spoil will need to be made more fertile in order for
plants to flourish and produce at their best. Kaolinite and il-
lite of intermediate plasticity are the two main clay minerals
in the mine wastes, easily compacted, and are also not known
to expand or contract when in contact with water. Thus, using
these materials for reclamation may not have detrimental ef-
fects on geotechnical stability through swelling and shrinking.
However, demonstrated by the strength tests (compaction, Cali-
fornia bearing ratio, permeability and shear strength), the angle
of internal friction, maximum dry density and optimum mois-
ture content need to be enhanced through soil stabilization and
strength improvement procedures.
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