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Akunza Mighili is a community in the outskirts of Lafia widely known for extensive coal
mining activities. However, no assessment has been conducted on the impact of this mining
on the environment and health hazards. This research aims to investigate the environmental
and health impacts of coal exploitation in Akunza Mighili. Five representative rock
samples were collected during field mapping and analyzed to determine their elemental and
mineralogical constituents using X-ray fluorescence (XRF) and X-ray diffraction (XRD).
Additionally, two coal samples were subjected to rock eval pyrolysis. A total of twenty
groundwater samples were collected and analyzed using Atomic Absorption Spectroscopy
(AAS). Measurement of groundwater physical parameters was also conducted during the
field mapping. Field results indicated that the area primarily consists of shale interbedded
with coal seams, ferruginous sandstone, ferruginous siltstone, and minor occurrences of
mudstone. Based on the XRD and XRF results, graphite is the dominant mineral in coal
while SO; and SiO, represent the dominant major oxides. The coal samples in the area are
immature for oil generation based on their maximum pyrolysis temperature (7). In the
groundwater of the area, the order of parameters is pH > Total Dissolved Solids (TDS) >
Temperature (T) > Electrical Conductivity (EC), while the concentration of heavy metals
follows this order: Fe > Zn > Cu > Co > Cd > Mn > Cr > Ni > Pb > Hg. The assessment
of heavy metal pollution indicated that the groundwater in the area is significantly polluted,
which poses serious health risks.
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1. INTRODUCTION

ties negatively impact the natural environment and human health.

Coal is an important component of global energy production,
which has driven industrialization and economic development
over the years [1, 2]. It served as a major source of fuel used in the
generation of electricity, contributing to about 36% of the world’s
electricity [3]. Despite the benefits of coal, exploitation activi-
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Globally, well-documented consequences of coal exploitation in-
clude groundwater pollution, climate change, deforestation, and
degradation of air quality [4, 5].

In countries with an abundance of coal deposits, like Nige-
ria, exploitation activities significantly impact the environment
[6]. Open-pit and underground mining systems are widely rec-
ognized to degrade surficial features such as topsoil and vegeta-
tion, making the land unsuitable for agricultural use [7, 8].  This
damage is in addition to subsidence and release of heavy metals
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and toxic trace elements into nearby water bodies [9, 10]. Non-
selective disposal of tailings is another issue of serious concern
for the environment. Moreover, the environment receives large
quantities of dust and other toxic pollutants, especially during
coal exploitation and burning [5—12]. These pollutants, compris-
ing silica dust, sulphur dioxide, nitrogen oxides, and particulate
matter, affect the respiratory and cardiovascular systems, among
other health issues [11-13].

Evaluating the environmental impact of mining requires the
use of specialized techniques capable of detecting the mineral-
ogy and chemical compositions of soil and rocks, as well as the
chemical constituents of groundwater [14-16]. These parame-
ters can be effectively and comprehensively monitored using a
combination of X-ray Diffraction (XRD), X-ray Fluorescence
(XRF), and Atomic Absorption Spectrometry (AAS) techniques
[17, 18]. The XRD is efficient in assessing potentially harmful
minerals and crystalline phases in rocks and mine tailings, re-
spectively [19-21]. For instance, XRD detects sulphide minerals
like pyrite and chalcopyrite, which significantly contribute to the
formation of Acid Mine Drainage (AMD) [22, 23]. The XRFis a
rapid and non-destructive method used to determine the compo-
sition of toxic heavy metals and trace elements in environmental
samples, including dust from mining sites [24, 25]. On the other
side, AAS is another sensitive technique often used to identify
and quantify toxic heavy metal concentrations, such as Pb, As,
Cr, Ni, Zn, and Cu, in water samples [26-28].

This research aims to investigate the environmental and health
impacts associated with coal exploitation in Akunza Mighili,
North Central Nigeria, focusing primarily on groundwater qual-
ity and its effects on the local community. The outcome of this
research work will address the gap in knowledge with respect to
the environmental and health impacts of coal exploitation in the
study area.

2. MATERIALS AND METHODS

2.1. LOCATION, PHYSIOGRAPHY AND GEOLOGICAL SETTING
Akunza Mighili is located in Lafia, north-central Nigeria, situ-
ated within latitudes 8° 24’ 00"N to 8° 30’ 00"N and longitudes
8° 32’ 30"E to 8° 34’ 59"E (Figure 2). The area has a low-
undulating topography and a dendritic drainage pattern, drained
by the River Amba and its tributaries. It is situated within the
tropical savannah climate, with the dry season commencing from
October to April, while the wet season starts in April and lasts
until around October and November. The mean annual rainfall,
humidity, and temperature values are 1000mm, 70%, and 30°C,
respectively [29]. Vegetation is typical of the tropical Guinea
savanna, composed of scattered trees, shrubs, and grasses.

The area extends across two formations: the Agwu Forma-
tion and the Lafia Formation. However, The Akunza Mighili
Coal Mine falls within the Agwu formation in the Middle Benue
Trough. The Middle Benue Trough is one of the subdivisions
of the Benue Trough of Nigeria. It is subdivided into six forma-
tions in order of age: Asu River Group, Awe Formation, Keana
Formation, Ezeaku Formation, Awgu Formation, and Lafia For-
mation [30, 31]. The Awgu Formation is the second youngest
formation in the Middle Benue Trough, precisely Late Turonian-
Coniacian in age. It marks the end of marine sedimentation
in the Middle Benue Trough, overlying the Ezeaku Formation
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Figure 1. Location and sample location of the study area.
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Figure 2. Geological map of the study area.

conformably, which is characterized by coal seams of variable
thickness [30, 31]. The formation dominantly consists of shales
[30, 32]. The Lafia Formation is Maastrichtian in age, overlying
the Agwu Formation unconformably [33]. It consists of conti-
nental sediments (ferruginous sandstones, siltstones, and clay-
stones) and is marked by prominent ferruginization [34-36].

2.2. FIELDWORK, SAMPLING AND ANALYTICAL METHODS

Geological fieldwork was conducted within the Akunza Mighili
Coal mine and the entire research area to assess the various rock
units in the area. The location of each rock unit was taken using
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Figure 4. Exposed section of shale.

the Geographic Positioning System (GPS). Similarly, fresh rock
samples and groundwater samples were obtained during the field
mapping. Five representative rock samples comprising shale,
coal, ferruginous sandstone, ferruginous siltstone and mudstone
were selected for determination of major oxides and mineralogi-
cal composition using the X-ray Fluorescence (XRF) and X-ray
Diffraction (XRD) techniques accordingly. These analyses were
both conducted at the National Steel Raw Materials Agency,
Kaduna. Two other representative coal samples were collected
for rock eval pyrolysis, carried out using the Rock Eval 6 ana-
lyzer, in Lighthouse Petroleum Engineering Company Limited,
Effurun, Delta State, Nigeria.

A total of twenty (20) groundwater samples were collected
for determination of heavy metal cations, using 1L plastic bot-
tles. The samples were acidified with a concentrated nitric acid
(HNO3) to homogenize the sample and prevent adsorption of
cations to the walls of the sampling bottles. The physical param-
eters of the collected water samples-pH, electrical conductivity
(EC), total dissolved solids (TDS), and temperature-were mea-
sured in the field using the Hanna multimeter. Chemical analysis
of the groundwater samples for heavy metals (Fe, Zn, Cd, As, Cu,
Mn, Co, Hg, Cr, Ni, Pb) was conducted in the Federal Ministry
of Water Resources, using the Atomic Absorption Spectrometry
(AAS).

Ferruginous Siltstone

Figure 6. Exposed sections of ferruginous siltstone.

2.3. ASSESSMENT OF HEAVY METAL POLLUTION

The pollution status of groundwater in the research area with re-
spect to heavy metals was determined using a combined analysis
of various pollution indices, including the Heavy Metal Pollution
Index (HPI), Modified Heavy Metal Pollution Index (mHPI), De-
gree of Contamination (Dc), and Heavy Metal Evaluation Index
(HEI). These indices are effective methods of assessing the heavy
metal pollution levels of groundwater associated with coal mines
[37, 38].

2.3.1. Heavy Metal Pollution Index (HPI)

The Heavy Metal Pollution Index reveals the collective impact of
heavy metals in groundwater [39]. It is calculated by assigning
a weightage (Wi) to individual heavy metals analyzed, expressed
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Table 1. Major oxide composition of rocks in the study area (wt.%).

Where TOC = Total Organic Carbon (wt %), HI = hydrogen Index (mg HC/g TOC), OI =
Oxygen Index (mg CO,/g TOC), Tmax = Temperature of maximum HC generated during
pyrolysis, S1 = Free Indigenous HC (mg HC/g rock), S2 = Pyrolysable HC (mg HC/g rock).

Parameter = Coal Shale Mudstone Ferruginous sandstone  Ferruginous siltstone
MgO 6 - - - -
Si0; 2797 5597 48.78 31.36 49.45
V703 021 023 0.18 0.1 0.06
Cr,04 0.04 0.04 0.03 0.03 0.12
MnO 025 0.14 0.16 0.31 0.02
Fe, 03 9.19 13.15 20.46 52.33 40.17
Ag,O 0.09  0.07 0.04 - -
BaO - 0.08 - 0.13 0.16
CuO 04 0.06 0.06 0.04 0.03
Nb,O3 0.1 0.03 0.03 - -
P,0s - - - 0.15 0.83
SO3 30.26  0.65 3.16 0.18 0.35
CaO 826 047 1.28 0.26 0.08
K,O 002 294 2.38 1.9 0.06
AL O; 12.31 21.76 20.42 11.71 8.03
Ta 05 0.02 0.02 0.01 0.01
TiO, 4.41 4.05 2.72 1.15 0.39
SnO, - - - 0.07 -
ZrO, 0.13 0.26 0.14 - -
ZnO 021  0.04 0.05 0.02 0.01
Min 0.02 0.02 0.02 0.01 0.01
Max 30.26 55.97 48.78 52.33 49.45
Mean 7.64  8.20 8.26 8.44 8.77
Table 2. Bulk mineralogy of rocks in the study area.

Coal Shale Mudstone Ferruginous sandstone  Ferruginous siltstone
Mineral (%) Mineral (%) Mineral (%) Mineral (%) Mineral (%)
Quartz 26  Quartz 54  Quartz 52 Quartz 27 Quartz 40
Epsomite  10.1  Anatase 5.9  Anatase 6  Anatase 1.3 Goethite 53
Osumilite 0.8  Goethite 13.5 Goethite 10 Goethite 58 Microcline 7.4
Anhydrite  13.9 Orthoclase 27  Orthoclase 22 Orthoclase 13.6 - -
Alunogen 9 - - Anhydrite 9 - - - -
Graphite 40 - - - - - - - -

Table 3. Results of coal pyrolysis.
Sample ID TOC  Sl1 S2 HI Ol Tmax.
CS1 64.97 142 240.62 318 7 409
CS2 70.31 0.28 153.21 219 7 405
Average 67.64 0.85 19692 2935 7 407

in values inversely proportional to their standard limits [40—42].
The HPI was computed using the functions [38, 40]:

Z?:] ‘/VzQz

HPI = =& ,
i1 Wi

ey

where Wi is the unit weightage of the i’ parameter, Qi represents
the sub-index value of the i parameter, and n is the number of
parameters being assessed. The sub-index (Qi) was achieved us-
ing equation 2:

M. -1
0; = ( S~l— I-l) x 100, (2)

where Mi signifies the measured value for the i parameter, Ii
stand for ideal value for the i and Si represent standard value of
the i parameter. HPI values (HPI<50) are categorized as low,

(HPI 50-100) as medium and HPI>100 as high pollution [40].

2.3.2. Modified heavy metal pollution index (MHPI)
The MHPI involves assigning non-objective weights to heavy
metals on the basis of their potential health effect [35]. A unit
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Table 4. Physicochemical parameters of groundwater.

Sample ID pH EC (mS/cm) TDS T Fe Zn Cd As Cu Mn Co Hg Cr Ni Pb
S1 8.6 0.52 285 343 1.00 0.09 0.003 0.01 0.99 0.10 0.085 BDL BDL 0.02 0.001
S2 5.8 0.10 76 312 0.60 080 0046 BDL 0.09 0.006 0.021 BDL BDL 0.01 BDL
S3 4.5 0.52 37.1 302 0.67 1.02 0.031 BDL 090 0.006 0.020 BDL 0.02 0.02 BDL
S4 5.2 0.33 235 302 0.69 0.761 0.026 BDL 091 0.005 0.021 BDL BDL 0.01 BDL
S5 5.5 0.58 395 299 0.68 1.021 0.043 BDL 0912 0.005 0.020 BDL 0.02 0.01 BDL
S6 5.5 0.04 35 31.0 0.05 0872 0039 BDL 0.10 BDL 0.010 BDL 0.01 BDL BDL
S7 5.9 0.40 38 321 0.04 091 0.070 BDL 0.11 BDL 0.010 BDL 0.01 BDL BDL
S8 6.2 0.20 145 309 0.07 0862 0.055 BDL 039 0.007 0011 BDL BDL BDL BDL
S9 6.4 0.16 123 31.2 0.08 022 0032 BDL 041 0.008 0.09 BDL BDL BDL BDL
S10 5.0 0.17 126 388 045 035 0.027 BDL 053 0.003 0.080 BDL 0.02 0.01 0.001
S11 6.5 0.61 434 33.8 0.81 0.013 0.001 BDL 0.06 0.010 0.005 BDL 0.03 0.001 BDL
S12 6.6 0.21 150 379 0.80 0.013 0020 BDL 0.05 0.005 0.800 BDL BDL 0.001 BDL
S13 5.9 0.13 101 324 0.82 0.013 0.001 BDL 0.059 0.030 0.005 BDL 0.01 0.001 BDL
S14 6.5 0.19 138 33.6 0.84 0.012 0.001 BDL 0.06 0.020 0.005 BDL 0.01 0.001 BDL
S15 4.9 0.02 0.22 31.1  0.82 0.012 0.001 BDL 0.058 0.020 0.004 BDL BDL 0.001 BDL
S16 6.0 0.18 131 33.0 0.79 0.013 0.010 BDL 0.06 0.010 0.004 BDL 0.01 001 BDL
S17 6.1 0.12 92 322 0.81 0.013 0.001 BDL 0.061 0.010 0.004 BDL BDL 0.001 BDL
S18 6.2 0.05 43 347 022 BDL BDL BDL BDL BDL 0001 BDL BDL BDL BDL
S19 6.5 0.05 43 335 085 0.013 0.001 BDL 0.06 0.020 0.005 BDL BDL 0.001 BDL
S20 6.0 0.05 41 33.1 0.80 0.013 0.001 BDL 0.063 0.020 0.005 BDL BDL 0.001 BDL
Min. 4.5 0.02 0.22 299 0.04 0.012 0.001 0.01 0.05 0.003 0.001 000 0.01 0.001 0.001
Max. 8.6 0.61 434 388 1.00 1.021 0.070 0.01 0.99 0.10 0.800 0.00 0.03 0.02 0.001
Average 5.9 0.232 133.42 3275 059 037 0.02 0.01 0.31 0.01 0.06 0.00 0.02 0.01 0.001
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weightage of 1-5 was adopted for the measured heavy metal in
the groundwater of the area. The Modified Heavy Metal Pollu-
tion Index was evaluated using equations 3 and 4:

Wi

R, = (3)

n 9’
i=1 Wi

. Rw Mi
MHPI = ) (SL) % 100, (4)

i=1 i

where Rw,n, and Wi signify the relative weight, number of pa-
rameters under investigation, and unit weight for the i’ param-
eter respectively. Mi represents the monitored value of heavy
metals, and Si is the upper standard limit for the i parameters
recommended by the WHO [43]. MHPI less than 50 are con-
sidered excellent, between 50 and 100 are good, 100 to 200 are
considered poor, values ranging from 200 to 300 are very poor,

Figure 8. Plot of TOC vs S2.

while values above 300 are considered unsuitable for drinking
[44].

2.3.3. Degree of Contamination (Dc)

The Degree of Contamination (Dc) indicates the level of contam-
ination of individual heavy metals in groundwater [40, 45]. The
Dc values for each heavy metal analyzed were computed, and
then the cumulative Dc values of heavy metals in the groundwa-
ter samples were obtained by summing the individual contami-
nation values. These were both achieved using equations 5 and
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Ci= Z C, )

P

Cy,
Cr=— —1, 6
r Cn, (6)

n H,

HEI = , 7
7 (N

i=1

where Cfi stand for the contamination factor of the i’ parame-
ter, CAi is the monitored value and CNi is the maximum recom-
mended threshold by WHO [43]. Dc values are classified as low
(De<1), medium (Dc 1-3), and high (Dc>3) [40].

2.3.4. Heavy Metal Evaluation Index (HEI)

The Heavy Metal Evaluation Index (HEI) is another metric that
provides an overall assessment of water quality with respect to

heavy metals. The HEI was calculated using the equation below
[38, 40, 45]:

n

HC
HEI = Z . (8)

i=1

The variables Hc and Hmac denote the measured value and the
maximum allowable concentration of the i parameter, respec-
tively. HEI values (HEI<10) are classified as low, (HEI 10-20)
as medium and (HEI>20) as high [40].

3. RESULT AND DISCUSSION

3.1. GEOLOGY OF THE STUDY AREA

The study area is underlain by the Late Turonian-Early San-
tonian sediments of the coal-bearing Awgu Formation and the

Ferruginous-Maastrichtian rocks of the Lafia Formation in the
Middle Benue Trough (Figure 3).
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Table 5. Heavy metal pollution data.

Sample HPI MHPI HEI DC
S1 47.5884  55.71709  19.8819 8.46
S2 911.8217 212.7656 20.89286 18.17
S3 1692.808 1308.148 17.40952 14.81
S4 290.4377 134998  15.32319 12.6
S5 480.0981 210.9035 21.30233 18.71
S6 434.0127 172.4186  15.1859 13.91
S7 778.4474  304.8681 25.50857 24.23
S8 611.532  242.4601 20.88543 19.44
S9 357.6046  152.1551 24.35381 12.75
S10 304.2236  142.232  23.2481 12.95
S11 13.4397  24.64737 4.526238 3.84
S12 2395132 187.9587 123.7377 20.86
S13 12.85072  23.27216 4.358571 3.57
S14 12.77303  22.85079 4.325905 3.59
S15 12.3302  20.84518 3.914381 3.31
S16 1127807 60.56923  7.045286 6.49
S17 12.2194  19.92979 3.784381 3.23
S18 0.264853 3.870574 0.87619 0.75
S19 12.38415 21.48498 4.159571 342
S20 12.32889  20.65336  3.995905 3.26
Min 0.264853 3.870574 0.87619 0.75
Max 1692.808 1308.148 123.7377 24.23
Average 365.5696 211.5803 22.24225 10.60591

1000
T 1{Oil P

600 ype | (Oil Prone)

800 -
. 700 4 .
%) Type Il (Qil/Gas Prone)
E 600
o
% 500
E 400
== 300 <

Type lll (Gas Prone)
200
100 -
0 T T T T
0 20 40 60 80 100

Ol (mg CO2/g TOC)

Figure 10. Plot of OI vs HI.

3.1.1. Exposed section in Akunza Mighili coal mine

The exposed section in the Akunza Mighili coal mine (N 8°
25’ 40.3" E8° 34’ 16.9") consists of shale interbedded with coal
seams (Figure 4). The coal seams have a very dark appearance.
In hand specimens, the coal samples vary in terms of their tex-
ture. However, the majority are very fine-grained. The samples
are equally characterized by varying densities and moderate brit-
tleness. In a few coal samples, especially those interbedded with
very thin layers of sand and silt materials, quartz grains and clay
minerals are very conspicuous. The shale appears greyish-yellow

and fine-grained (Figure 4), with a well-developed thin plane,
giving it adequate fissility and a smooth texture. Fossils were
not observed in the shale. However, there are occasional infiltra-
tions of plant roots.

3.1.2. Exposed section at Agyragu road

The section consists of a weathered shale exposed in a stream
channel (N8° 27° 26.7", E8° 32’ 32.6"). It exhibits a pale-
greenish coloration with rusty red patches (Figure 5). The in-
tensive weathering has obscured the shale’s fissility resulting in
friable and crumbly surfaces.

3.1.3. Mudstone

The mudstone occurs in the northeastern portion of the area. De-
spite its presence, the mudstone remains unmapped on the se-
lected base map scale. It exhibits a very fine-grained to almost
glassy texture with dark grey to black coloration. The surface
conditions of the mudstone also showed that it has undergone
significant weathering.

3.1.4. Ferruginous sandstone

Ferruginous sandstone covers a large area in the northern part of
the study area. An exposure observed at latitudes 8° 28’ 00"N to
8° 28’ 50"N and longitudes 8° 32’ 45"E to 8° 34’ 15"E exhibits
a reddish-brown coloration due to its high iron oxide content. It
is medium-grained, dense, and durable, with well-sorted, sub-
rounded quartz grains (Figure 6).
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3.1.5. Ferruginous siltstone

The ferruginous siltstone also contains significant iron. In a few
locations within the southeastern part of the area, it occurs as thin
beds overlain by silt-sized materials (Figure 7A), while others
mostly exhibit a reddish-brown coloration with a few yellowish-
light patches. The ferruginous siltstone showed dominant quartz
grains of varying silt sizes, cemented by iron oxide (Figure 7B).

3.2. WHOLE-ROCK GEOCHEMISTRY

The bulk chemical data for rocks in the area is presented in Table
1. The SiO; content ranges between 27.97 and 55.97 wt.% with
an average of 42.70wt.%. Shale accounts for the highest SiO,
content (55.97wt.%), followed by sandstone (49.45wt.%), mud-
stone (48.78wt.%), siltstone (31.78 wt.%), and coal (27.97wt.%).
The average content of Fe, O3 in the sampled rocks is 27.06 wt. %,
with the highest content occurring in the ferruginous sandstone,
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ferruginous siltstone and mudstone with wt.% values of 52.33,
40.17 and 20.46 respectively. This result indicates a high iron
content in the rocks, which translates to 52.33 wt.% Fe, O3 in
oxide form, confirming their ferruginous nature. The Fe,O3 con-
tent in shale and coal is 13.15 wt.% and 9.19 wt.%, respectively.
Al,O3 ranges between 8.06 and 21.76 wt.% with an average of
14.85 wt.%. The moderate amounts of Al,O3 coupled with the
significant amounts of SiO, suggest the presence of alumino-
silicate minerals in the sampled rocks. The K,O concentration
ranges between 0.02-2.94wt.% with an average of 1.46wt.%.
MgO content is below detection in 83.3% of rock samples. How-
ever, coal shows 6 wt.%. The average concentration of P,0Os is
0.49 wt.% with values ranging between 0.15 and 0.83 wt.%. For
Ca0, the wt.% values vary from 0.08 to 8.26, averaging at 2.07
wt.%. MnO and TiO, range from 0.02-0.31 wt.% with an aver-
age of 0.176 wt.% and 0.39 to 4.1 wt.% with an average of 2.544
wt.%, respectively.

The X-Ray Fluorescence (XRF) results also showed a high
SO3 content of 30.26 wt.% in the coal samples. SO3 content in
the remaining rocks occurs in minor amounts ranging from 0.18
to 3.16 wt.% with an average of 6.92 wt.%. V,03, Cr,03, Ag,0,
BaO, CuO, Nb,03, Ta;Os, SnO,, ZrO,, and ZnO showed aver-
age concentrations in trace amounts in all sampled rocks (Table
1).

The sandstone sample in the study area falls under the arkose
field (Figure 8A), according to the sandstone classification dia-
gram of Fe,03+MgO — Na,O — K,O by Blatt ef al. [46]. Sim-
ilarly, the log of (Fe,03/MgO) versus (SiO,/Al,03), based on
Herron [47], indicated that mudstone and shale are plotted within
the Fe-shale field, while sandstone is positioned within the Fe-
sandstone field (Figure 8B), which aligns with the chemical com-
position of the rocks. The Blatt ef al. [46] classification diagram
considers only sandstones, while the Herron [47] classification
considers sandstone and other clastic rocks.

3.3. MINERALOGY

The result of the rocks’ bulk mineralogy is presented in Table
2. Graphite account for the dominant mineral in coal (40%).
Graphite is a crystalline form of carbon; therefore, this indicates
that the coal in the study area has high carbon content. The
high percentage of carbon also suggests a high-ranked coal that
has undergone prolonged period of organic matter maturation.
Quartz accounts for 26% of the bulk mineralogy in the coal. It
is considered a detrital impurity in coal, possibly derived from
detrital inputs and primary mineralization processes. The high
percentage of quartz aligns with the SiO, content in the coal as
revealed by the XRF result (Table 1). The presence of epsomite
(10.1%) indicates influences from secondary alteration of sul-
phide minerals, possibly due to water-rock interaction. Anhy-
drite constitutes 13.9% of the coal mineralogy. This contributed
to the high SOj3 content in the coal as revealed by the XRF result
(Table 1). Alunogen accounts for 9% of the bulk mineralogy,
while epsomite occurs in minor amounts (0.8%) (Table 2).
Quartz is the dominant mineral in shale, accounting for 54% of
bulk mineralogy (Table 2, Figure 7B). This indicates the shale is
siliceous in nature, suggesting a significant detrital input, prob-
ably from sandstone. Orthoclase represents 27% while goethite
and anatase constitute 13.5% and 5.9%, respectively. In mud-

stone, quartz accounts for 52% of the bulk minerals: anatase
(6%), goethite (10%), orthoclase (22%) and anhydrite (9%) (Ta-
ble 2).

The result of bulk rock mineralogy also revealed the dom-
inance of goethite (iron oxide), moderate- significant percent-
age of quartz in the ferruginous sandstone and ferruginous silt-
stone samples in the study area. The goethite constitutes 58% in
ferruginous sandstone, which conforms with the high iron con-
tent revealed in the XRF results (Table 1). The XRD result fur-
ther indicates that the sandstone formed in a strong oxidizing
condition, likely in an iron-rich fluvial or marine environment,
and prolonged/extensive post-depositional chemical weathering.
The significant content of quartz (27%) and a moderate amount
of orthoclase (13.6%) contribute to the siliceous and feldspathic
nature of the sandstone. Anatase occurs in minor amounts, con-
stituting (1.6%). In the ferruginous siltstone, goethite accounts
for the dominant mineral (53%). Quartz is significantly present
(40%), with a minor amount of microcline (7.4%).

3.4. COAL PYROLYSIS
The coal pyrolysis was conducted on two representative coal
samples to offer information about the coal’s rank, thermal ma-
turity, and hydrocarbon generation potential. The results of the
coal pyrolysis, as presented in Table 3, indicate that the TOC
values for coal samples from the area ranged from 64.97 wt.%
to 70.31 wt., with a mean of 67.64 wt.%, while the free volatile
hydrocarbon (S7), expressed in mg HC/g rock, ranged from 0.28
to 1.42, with a mean of 0.85. The S2 (Pyrolysable hydrocarbon)
ranged from 153.21 (mg HC/g rock) to 240.62 (mg HC/g rock)
with an average of approximately 192.92 mg HC/g rock. The
TOC values of coal in the area showed the coal samples are po-
tential source rocks with excellent organic matter content when
plotted against the S2 in line with the [48, 49] classification (Fig-
ure 9). The TOC vs S2 was further used to identify the quality
and kerogen type in the coal samples [49—51]. The plot revealed
that the coal samples fall within the Type II - Type II/III kerogen,
which conforms with the oil-prone and mixed regions, respec-
tively (Figure 11). Similarly, the relationship between the Oxy-
gen Index (OI) and Hydrogen Index (HI), plotted on the modified
Van Krevelen diagram [49, 52], also indicated that the coal sam-
ples are positioned within the Type II/Type III kerogen, which
aligns with fairly poor gas-prone/good oil/gas-prone (Figure 10).
The thermal maturity of rocks was determined using the T},
(°C). The pyrolysis temperature depicts where the rate of hy-
drocarbon evolution reaches a maximum temperature (7,,,,) in a
coal sample. In the research area, the T,,,, values range between
405°C for sample CS2 and 409°C for sample CS1. However, ac-
cording to Espitali€ e al. [48] and Anzaku et al. [51], the T}, of
coal must be greater than 435°C before its maturation level can
reach the oil generation threshold. This suggests the coal sam-
ples from the study area are immature for oil generation based
on their 7,,,, values.

3.5. PHYSICOCHEMICAL CHARACTERISTICS OF
GROUNDWATER

The measured physical and chemical parameters of water sam-

ples are presented in Table 4. The World Health Organization

[43] and the Standard Organization of Nigeria [53] water qual-
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Table 6. Degree of contamination data of the groundwater

Sample ID  Zn Cu Hg Cr Fe Co Mn Cd Pb As Ni

S1 0.03 099 0.00 000 333 121 050 1.00 0.10 1.00 0.29
S2 0.27 0.09 0.00 0.00 2.00 030 0.03 1533 0.00 0.00 0.14
S3 0.34 090 0.00 040 223 029 0.03 1033 0.00 0.00 0.29
S4 025 091 0.00 000 230 030 0.03 8.67 000 0.00 0.14
S5 034 091 0.00 040 227 029 0.03 1433 0.00 0.00 0.14
S6 029 0.10 0.00 020 0.17 0.14 0.00 13.00 0.00 0.00 0.00
S7 0.30 0.11 0.00 020 0.13 0.14 0.00 2333 0.00 0.00 0.00
S8 029 039 0.00 000 023 0.16 0.04 1833 0.00 0.00 0.00
S9 0.07 041 0.00 000 027 129 0.04 10.67 0.00 0.00 0.00
S10 0.12 053 0.00 040 150 1.14 0.02 9.00 0.10 0.00 0.14
S11 0.00 0.06 0.00 060 270 0.07 005 033 0.00 0.00 0.01
S12 0.00 0.05 0.00 0.00 267 1143 003 6.67 0.00 0.00 0.01
S13 0.00 0.06 0.00 020 273 0.07 0.15 033 0.00 0.00 0.01
S14 0.00 0.06 0.00 020 280 0.07 0.10 033 0.00 0.00 0.01
S15 0.00 0.06 0.00 0.00 273 0.06 0.10 033 0.00 0.00 0.01
S16 0.00 0.06 0.00 020 263 006 005 333 000 0.00 0.14
S17 0.00 0.06 0.00 000 270 0.06 005 033 0.00 0.00 0.01
S18 0.00 0.00 0.00 000 0.73 001 0.00 0.00 0.00 0.00 0.00
S19 0.00 0.06 0.00 0.00 283 0.07 010 033 0.00 0.00 0.01
S20 0.00 0.06 0.00 0.00 267 0.07 0.10 033 0.00 0.00 0.01
Min. 0.00 0.00 0.00 000 0.13 001 0.00 0.00 0.00 0.00 0.00
Max. 034 099 0.00 060 333 1143 050 2333 0.10 1.00 0.29
Average 0.12 029 0.00 0.14 198 08 007 6.82 0.01 0.05 0.07

ity standards were compared with the measured parameters for
relative assessment.

3.5.1. Physical parameters

The measured temperature (T) of groundwater varies between
29.9-38.0°C. The pH of the groundwater ranged from 4.5 to 8.6,
indicating slightly acidic to alkaline conditions, with an aver-
age value of 5.9. The average concentration of the EC in the
groundwater of the study area is 0.232.9mS/cm, with range val-
ues between 0.02-0.61mS/cm. All groundwater samples exhib-
ited low to moderate concentrations of electrical conductivity,
except for sample 11, which displayed a relatively higher con-
centration of 0.61 mS/cm, suggesting the influence of local an-
thropogenic factors [54]. The Total Dissolved Solid (TDS) val-
ues range from 0.22-434 mg/L with an average of 133.42mg/L.
Following Todd’s [55] TDS concentration-based water quality
classification, the groundwater in the study area is classified as
fresh, with TDS values < 1000 mg/L. Generally, the measured
physical parameters (T, pH, EC, and TDS) showed concentration
levels that were lower than the WHO [43] and SON [53] recom-
mended standards. Figures 12A and B show the concentration of
the physical parameters measured in the study area.

3.5.2. Chemical parameters

The chemical data of groundwater in the area (Table 4) revealed
the mean concentration of trace elements in the order of Fe > Zn
> Cu > Co > Cd > Mn > Cr > Ni > Pb > Hg. Fe ranges from
0.04 to 1 mg/L, with 75% of groundwater samples showing high
concentrations greater than the recommended limits (0.3 mg/L)
by WHO [43] and SON [53], respectively. This high iron content
in the groundwater is attributed to the chemical and mineralogi-
cal composition of underlying rocks, which are excessively rich
in iron oxides (Tables 1 and 2). As a result of water-rock inter-
action, the groundwater becomes highly enriched with iron from
the dissolution of these iron oxides [36].

The groundwater in the area generally showed low enrichment
of zinc, with values ranging from below the detection level to
1.02 mg/L, with an average of 0.37 mg/L (Table 4). The presence
of zinc in groundwater is naturally associated with the dissolu-
tion of sulphide ores, such as sphalerite (ZnS), silicate minerals,
and carbonate rocks [56]. Slightly more than half of the ground-
water showed elevated Cd concentration above the WHO [43]
and SON [53] thresholds of 0.003mg/L. Leachate from phos-
phate fertilizer, cadmium-coated materials, and cadmium-based
batteries serves as a significant source of cadmium in groundwa-
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ter [57, 58]. Farming activities are one of the major land use
practices in the area, which may have contributed significantly
to the high concentration of Cd in the groundwater. This is in
addition to possible sources from the Akunza Mighili coal mine.
The concentration of As were below the detection limit in 95%
of groundwater samples. Cu concentrations were below the lim-
its of 2mg/L and 1mg/L recommended by WHO [43] and SON
[53], respectively. The values range from 0.05 mg/L to 0.99 mg/L
with an average of approximately 0.31mg/L. Mn has an aver-
age concentration of mg/L and a maximum value of mg/L, while
Co ranges from 0.001mg/L to 0.8 mg/L with an average of 0.06
mg/L.

The concentration of Hg is below the detection limit in all sam-
ples. For hexavalent Cr /Y, half of the groundwater showed
concentrations below the detection limit, while the remaining
50% of the groundwater showed concentrations above the rec-
ommended limits of 0.006mg/L and 0.001mg/L prescribed by
WHO [43] and SON [53], respectively. Cr is naturally associated
with iron-bearing minerals such as hematite (Fe,O3) and goethite
(FeOOH), chromite (FeCr,04) clay minerals and organic mat-
ter [59]. However, under prevailing oxidizing conditions, the
CrD js converted to a more toxic and mobile Cr/Y), which eas-
ily dissolves in groundwater [60]. Coal combustion, in addition
to other sources from industries and phosphate-bearing fertiliz-
ers, is a notable anthropogenic source of Cr in groundwater [61].
The concentrations of Ni and Pb in all samples are within the
recommended limits of 0.07 mg/L for Ni and 0.02 mg/L for Pb,
as specified by WHO [43] and SON [53], respectively.

3.6. ENVIRONMENTAL IMPACTS OF COAL EXPLOITATION
AND HEALTH RISKS

The Akunza Mighili coal mine occurs within the Agwu shale
(Figure 4A). The mineral composition of shale and coal sam-
ples in the research area (Table 1) indicates a significant content
of silicate minerals, graphite (carbon), iron oxide, and sulphate-
bearing minerals. These minerals are significant sources of trace
heavy metals in the environment. Additionally, coal exploitation
contributes to air quality issues and the degradation of natural
resources [9, 36].

3.6.1. Assessment of heavy metal pollution in groundwater
Heavy Metal Pollution Index (HPI)

The heavy Metal Pollution Index (HPI) is a suitable technique
used to evaluate the collective impact of heavy metals on the
groundwater [62, 63]. The calculated HPI values of groundwa-
ter in the area range from 0.26 to 1692.81, with an average of
365.57 (Table 5). These values indicate that 45% of groundwater
demonstrates low pollution with heavy metals (HPI<50), while
55% shows considerably high heavy metal pollution (HPI>100).
The data suggests high health risks in the groundwater, so it
should not be considered for drinking purposes. Similar investi-
gations conducted by [37, 64] have shown high levels of heavy
metals in water sources within the coal mine. Figure 14 shows
the variation in the HPI values of groundwater samples from the
area.

Modified Heavy Metal Pollution Index (MHPI)

The MHPI allows more accurate evaluation of heavy metal pol-
lution in groundwater [35-38]. The MHPI values of ground-
water in the research range from 3.87-1308.15, with a mean
value of 211.58 (Table 5). Based on the MHPI results, ex-
cellent water quality for ingestion was recorded in 40% of the
groundwater (MHPI<50), while 10% of the groundwater falls
within the satisfactory water quality class (mHPI 50-100). Sim-
ilarly, poor (MHPI 100-200) and destitute (MHPI 200-300) wa-
ter quality was recorded in 25% and 15% of the groundwater,
respectively, while 10% falls into the unsuitable water category
(MHPI>300). These results are consistent with the HPI findings
reported previously from the Heavy Metal Pollution Index (HPI).
The groundwater samples that demonstrated poor water quality
were mostly collected from the coal mine proximal areas. How-
ever, a few samples collected from areas away from the coal mine
also demonstrated significant poor quality, which may be due to
localized anthropogenic factors and likely agricultural practices
at the appraised sites [65, 66].

Degree of Contamination (DC)
The DC values (Table 6) indicate that Ni, Zn, Cu, Cr, Mn, Pb, and
As showed low contamination levels in the groundwater, with the
following sequence in order of increasing average abundance:
Cu>Cr>Zn>Ni=Mn,>As>pb. Fe varies from 0.13-3.33 with an
average of 1.98. These value ranges give rise to low, medium,
and high heavy metal pollution in 25%, 70%, and 5% of the
samples, respectively. Long-term exposure to excessive Fe in
groundwater can lead to cancer and liver problems [67]. High
pollution level was recorded in 5% of the groundwater with re-
spect to Co (DC>3).  Excessive exposure to cobalt through
ingestion, dermal contact, and inhalation is associated with skin
irritation and chronic respiratory diseases as well as gastrointesti-
nal discomforts [68—71]. The average DC of Cd is 6.82, with
values varying from 0.00-0.23.3. Slightly more than 50% of the
groundwater samples showed high pollution levels. Exposure to
Cd in drinking water is linked to chronic kidney disease [72].
The cumulative DC values (Table 5) of all heavy metals as-
sessed demonstrated a significant high heavy metal pollution
(DC>3) in 95% of the groundwater of the research area, with val-
ues varying from 0.75-24.24. This indicates a significant degree
of heavy metal pollution in the area and potential health risks.
This finding also conforms to recent research, which reported
both carcinogenic and non-carcinogenic health risks in children
and adults in the area [36].

Heavy Metal Evaluation Index (HEI)

The computed HEI values vary from 0.88-123.7, with an average
of 22.24. According to the HEI result interpretation, 45% of the
groundwater showed low heavy metal pollution, suggesting that
it is potable for drinking. Medium heavy metal pollution was
recorded in 20% of groundwater, and 35% of the groundwater
showed high pollution of the analyzed heavy metals.

3.6.2. Coal combustion and greenhouse gas emission

Air pollution

Coal exploitation, beneficiation, and combustion facilitate the re-
lease of various air pollutants, such as particulate matter (PM),
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volatile elements, and toxic trace metals, which pose serious
health concerns [5, 11]. The bulk rock mineralogy of the coal
sample (Table 2) revealed a significant carbon content (40%),
which serves as a major source of energy [3]. Members of the
Akunza Mighili community use these coal samples for various
domestic purposes, including coal combustion for space heating.
During coal combustion, various gases such as carbon dioxide
(CO,), carbon monoxide (CO), sulphur dioxide (SO;), sulphur
trioxide (SO3), nitrogen dioxide (NO,), and nitric oxide (NO)
are being released into the atmosphere in the form of flue gas,
smoke, and fine ash [73-75]. The emission of these gases has
been attributed to health issues such as respiratory, cardiovas-
cular, blood, and brain diseases [74, 76]. CO, and CO are both
greenhouse gases (GHGs) that significantly contribute to climate
change [77]. Additionally, partial combustion of coal poten-
tially generates particulate matter (PM), volatile organic com-
pounds (VOCs), and polycyclic aromatic hydrocarbons (PAHs)
[78-80]. These atmospheric pollutants are well-known carcino-
gens [11, 74].

Emission of sulphur dioxide (SO,) and acid rain formation
Sulfur in coal often occur as pyritic sulfur (sulfide), elemen-
tal sulfur, organic sulfur and sulfates [§1-83]. The presence of
sulfate bearing minerals (anhydrite and alunogen) have been re-
ported in the Akunza Mighili coal (Table 2). In any case, when
coal is combusted, the available sulfur is oxidized to produce
SOx, primarily sulfur dioxide (SO;). The sulfur dioxide (SO;)
produced can react with water vapor when released into the at-
mosphere to form sulfuric acid which consequently leads to acid
rain [84]. Acid rain renders a wide range of environmental effects
such disruption of aquatic ecosystem, and corrosion of buildings
[84, 85]. Various toxic and non-toxic heavy metals such as Hg,
Cd, Pb, Zn, Mn, Al, Fe can be mobilized in the soil during the
acid rain which may further contaminates soil, agricultural prod-
ucts and water bodies [86, 87]. Consumption of polluted crops
results in gradual accumulation of these heavy metals in body
leading serious kidney diseases [74].

Silica dust

Table 2 revealed a high quartz content in coal (25%) and host
shale (54%). During the coal exploitation processes, fine quartz
particles are produced in the form of dust, which poses serious
occupational and community health risks [12]. Continuous and
prolonged inhalations of these fine quartz particles may result in
chronic silicosis, a severe lung disease characterized by fibro-
sis and respiratory failure [88]. However, acute silicosis can de-
velop as a result of short-time, intense exposure to quartz par-
ticles, which frequently results in death [6]. Exposure to silica
is also attributed to lung cancer and Chronic Obstructive Pul-
monary Disease (COPD) [88, 89].

Coal dust

Coal dust is composed of fine particles of carbon, silica, and other
mineral components released during the exploitation, handling,
and combustion of coal [12, 90]. Coal dust is a widely known
pollutant that causes serious occupational hazards in coal mining
and other related industries [12, 91]. Inhalation of coal dust leads
to its gradual accumulation in the lungs, which consequently re-

sults in severe respiratory diseases [92]. Long-term exposures
have been linked to several lung disorders, such as chronic bron-
chitis and the most common pneumoconiosis, typically known as
‘black lung disease’ or Coal Workers’ Pneumoconiosis (CWP)
[12,75,93].

The carbon content in coal is a major factor that determines
the severity of pneumoconiosis [6]. Thus, coal samples with
a high carbon content pose higher pneumoconiosis risks. From
the result of XRD analysis (Table 2), it is clear that the Akunza
Mighili coal is composed of high carbon content (40%). Conse-
quently, the mine workers and community members, especially
those living close to the mine, are vulnerable to pneumoconiosis
in the short term. The quartz content in the coal and shale can
also influence pneumoconiosis [12].

Acid Mine Drainage (AMD)

Acid Mine Drainage (AMD), associated with coal mining pro-
cesses and tailings, is another environmental pollutant that con-
taminates soil and water bodies [4, 94]. The formation of acid
mine drainage occurs when sulphide minerals in coal, primar-
ily pyrite (Fe,S), are exposed to water and oxygen, which leads
to the production of sulphuric acid and the subsequent release
of heavy metals in dissolved form [95]. The surface mining
method used at the Akunza Mighili coal mine provides favor-
able conditions for the formation of acid mine drainage due
to the presence of high atmospheric oxygen (O,) and hydro-
gen (H"). The presence of secondary sulphate minerals such
as epsomite (MgS04.7H,0), anhydrite (CaSO,), and alunogen
(Al(S04)3.16H,0) in the Akunza Mighili coal (Table 2) sug-
gests a secondary consequence of pyrite oxidation and a direct
indication of ongoing sulphide oxidation and acid mine processes
[96].

Deforestation

Surface mining, particularly the opencast method, has negative
impacts on natural topography, vegetation, and soil [97], as it re-
quires clearing vegetation and removing topsoil. These activities
consequently result in habitat loss, biodiversity, and soil degra-
dation [98]. The removal of trees and vegetation makes soil sus-
ceptible to erosion and reduces agricultural productivity. It is
also associated with reduced carbon storage sinks [99], leading to
higher concentrations of carbon dioxide in the atmosphere [100].
Figure 8A and B show a wide area of land degraded by mining
activities in Akunza Mighili.

4. CONCLUSION

The environmental and health impacts of coal mining activi-
ties in the Akunza Mighili coal mine have been investigated.
Shale, coal seams, ferruginous sandstone, ferruginous siltstone,
and minor occurrences of mudstone primarily underlie the re-
search area. The bulk mineralogical and geochemical anal-
ysis of coal samples indicated that graphite is the dominant
mineral, while major oxide compositions are in the order of
S03>Si0,>Al,03>Fe;03;>Ca0>Ta,Os, respectively. Based on
the T, results, coal samples from the study area are immature
for oil generation. The measured physical parameters (T, pH,
EC, and TDS) in groundwater samples have lower concentra-
tions than WHOQ'’s [43] and SON’s [53] recommended standards.
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The HPI result reveals that heavy metals pollute slightly more
than half of the groundwater, potentially posing health hazards.
Similarly, the MHPI result showed that 40% of the groundwa-
ter mainly collected from areas close to the coal mine exhibits
poor water quality due to heavy metal pollution. Residents of
the Akunza Mighili community and coal mine workers are vul-
nerable to respiratory diseases, including chronic silicosis and
pneumoconiosis.
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