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ABSTRACT

The chemical and mineralogical characteristics of wastes from artisanal and small-scale gold
mining (ASGM) in the Gadaeregi area, Nigeria were assessed to determine their potential human
health risks. Mine wastes were sampled and subjected to X-ray diffraction and X-ray fluorescence
analyses to enable us assess the human health risk. The results show albite, quartz, actinolite,
dolomite and annite as the major phases in the wastes. Fe, Si and Ti are present at concentrations
above the upper crustal abundances; while Al, Na, K and Ca are depleted. The wastes are enriched
in nine trace elements (Ni, Cu, Ga, V, Cr, Ce, As, Pb and W) and depleted in five others (Ba, Rb,
Y, Zr and Nb). Cr, As and Pb are the most dosed trace elements in these wastes for both children
and adults for the two exposure scenarios. While all three elements have HQi values of > 1 for
children in the ingestion model, only As has a value of > 1 for adults. The inhalation route does
not appear to have any potential health effects for both children and adults. The overall hazard
index reveals that both children and adults may be vulnerable to adverse non-cancer health effects.
However, children appear to be several orders of magnitude more vulnerable, because of their low
body weights and hand-to-mouth habits. These data have shown that ASGM wastes have the
potential to cause harmful health effects in populations within mining communities. Therefore,
characterisation and proper management of these wastes are necessary to ensure sustainable
mining.

Keywords: Geology, Gold Mining, Environmental Geochemistry, Medical Geology, Sustainable
minerals

INTRODUCTION be sold on to merchants, thus, serving as a
source of quick cash for people in the local
communities. While fully mechanised or
industrial-scale gold operations are not
common in Nigeria, artisanal mining is
widespread across the country (Ikenna et al.,
2015; Idris-Nda et al., 2018). Unskilled
workers, including women and children from
local communities engage in the extraction of
gold from primary quartz-sulfide-gold vein
and placer deposits. Most of these people are
agrarian, but practice mining as a source of
additional income, especially during the dry
season when they are not engaged in their

The schist belt of Nigeria is endowed with a
large number of mineral occurrences,
including gold. Gold exploitation in this belt
has been ongoing since the colonial era and
still continues, mostly in the form of artisanal
and small scale gold mining (ASGM). Mining
in this region targets mainly gold, due perhaps
to generally high gold prices in the global
market (Sako and Nimi, 2018) which
guarantees a ready market for the mineral
locally. This is further influenced by the fact
that even minute quantities of gold can readily
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farms. This has been reported in other domains,
especially in the West African region, such as
Mali (Hilson, 2016). Economic hardship in
many of the countries where ASGM is
practiced provides a further boost to this
activity, where families see it as means to
satisfy basic needs. However, because ASGM
activities are  generally informal and
unregulated, the operations result in
unwholesome practices, leading to serious or
potentially serious environmental and human
health effects. These local miners lack the

knowledge or skills, capital and other
incentives to care for the environment,
especially in terms of reclamation of

abandoned mines and regulatory requirements,
such as the management of mine wastes
(Dales and Ramasamy, 2019).

Mine wastes are part of the mining
environmental legacies (MEL) that pose
potential risks for human health and the
environment (Salgado-Almeida et al., 2022).
Wastes from ASGM operations, including
waste rock piles, processing tailings and
wastewater constitute serious environmental
ecological and human health problems. Unlike
in the formal mining industry, wastes from
ASGM are not properly managed and have
been found in most cases to be disposed close
to population areas, in farmlands, in surface
water bodies or within the mine pits
(Velasquez et al., 2021). In fact, in some
communities in many parts of the developing
world, including Nigeria, some of the wastes
have been found to be used by people as
construction  materials (Waziri, 2014;
Velasquez et al, 2021;). Improper
management of these waste streams may pose
serious  ecological and human health
consequences in communities where artisanal
mining and processing of gold is practised.
The wastes contain potentially toxic elements
(PTEs) naturally associated with the gold ores
and other harmful contaminants such as
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mercury introduced as a processing chemical.
The mobilisation of these contaminants from
mine waste through processes like enhanced
weathering due to exposure to elements at the
surface environment and the direct ingestion
and inhalation of fine particles are among the
exposure pathways of the local populations to
PTEs in the wastes.

The Gadaeregi area in parts of Bida sheet 186
falls within the Nigerian Schist Belt. It is one
of the many areas known for artisanal mining
and processing of a variety of minerals,
especially gold. Gold occurrence in this area is
similar to what obtains in most parts of the
Schist belt, where primary gold mineralisation
occurs in quartz veins, often, together with
base metal sulfides (Woakes and Bafor, 1982;
Akande et al., 1988; Garba, 2003; Oke et al,
2014). Most previous workers in the area have
focused on the geology and mineralisation
potential of the area and the larger Basement
Complex environment. Very few studies have
been carried out on the environmental effects
of artisanal extraction and processing of gold
ores in the area (e.g. Omanayin et al., 2016).
However, no work has been done on the
characteristics of mine wastes and the
potential environmental and potential human
health problems posed by contaminant metal
in the mine wastes from artisanal mining and
processing of gold-bearing ores in the area.
The aim of this work therefore is to determine
the mineralogical and chemical composition of
mine wastes with a view to assessing the
possible human health risks they portend.

MATERIALS AND METHODS
The Study Area
The study area is part of Bida Sheet 184 NE

and is located between Latitudes 09°22 ' N
and 09°24 ' N and Longitudes 006°18 ' E
and 006°22 ' E along the Minna-Kataeregi-

Bida. The topography of Gadaeregi area is
generally gentle, with an elevation of between



111 m and 137 m, which is punctuated by
occasional hills. The major surface water body
in the area is the Chanchaga River which takes
its source further northeast in the Minna area
(Figure 1). It is however joined by many
tributaries, which drain the area and serve as
sources of water for domestic, agricultural and
mineral processing activities. There are two
distinct seasons associated with this area,
namely, the rainy and the dry seasons. It has
an average total annual rainfall of about 133
mm, spread between April and October
peaking between August and September
(Ejepu et al, 2015). Day time temperatures
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average about 35°C in the months of March
and April, while the minimum temperature
achieved is about 21°C which is recorded in
the months of December and January (Ejepu et
al., 2015). The dry season is marked by
harmattan which is a result of north-east trade
winds that are often laden with dust particles
that lead to hazy conditions. During the dry
seasons much of these areas are reduced to
bare land, resulting from the dryness of soil
and from burning of the bush. Vegetation in
the area includes various species of shrubs and
high forest plants along the streams, along
with short grasses.
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Figure 1: The Study Area

The Gadaeregi area lies within the north-
central Nigeria Basement Complex and it is
generally underlain by granites, schists and
migmatite-gneisses. The migmatite-gneiss
complex is the oldest lithology in the area and
it is highly jointed and moderately weathered.
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Mica schist belonging to the metasedimentary
series of the Nigerian Schist Belt underlie the
central portion of the area and it and the older
lithology have been cut intricately by
granitites of Pan-African age. The mica schists
appear to be the main host of auriferous quartz



veins in the area, which are exploited by
artisanal and small-scale miners for mainly
gold (Omanayin et al., 2016).

Fieldwork and Sampling of Artisanal Mine
Wastes

A field campaign was conducted in the
Gadaeregi area to map out artisanal gold
mining and processing areas and collect
wastes for further studies. Seven areas were
identified where local artisanal miners were
mining and processing gold ores from veins
within the mica schist and amphibolites. As
usual, mining in this area was found to be
highly labour-intensive, using simple tools,
without regard to any safety measures. The
miners targeted veins and mineralised
fractures within the metasedimentary host
rocks and these were dug and blasted where
necessary to obtain the ore for processing. As
in all artisanal mining sites in Nigeria and
other developing countries, the materials were
subjected to crushing, milling and eventual
concentration using gravity methods. The
concentrate fraction was treated with acid to
remove iron oxides and other heavy minerals
before amalgamation, which is often the final
process. For this work, waste materials from
all the stages were targeted for sampling and
further laboratory analyses. A total of seven
samples, which were adjudged to be
representative of the materials encountered in
the area were collected from mine sites, mine
tailings and mineral processing chambers. The
location of each sample was marked on the
field map, with the aid of a handheld global
positioning system device from Garmin.

Chemical and Mineralogical Analysis

The chemical and mineralogical composition
of the mine wastes were determined using X-
ray fluorescence spectrometry (EDXRF
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Analyser, Minipal 4 model from PANalytical)

and powder X-ray diffraction (XRD)
respectively. Prior to analysis, the samples
were air-dried for forty-eight hours in a clean
laboratory environment and approximately 1
Kg of each sample was milled using a
porcelain pestle and mortar and passed
through a 75 pum sieve. For mineralogical
analysis, approximately 5 g of the thoroughly
mixed powder was placed in a sample holder,
while ensuring that the grains assumed random
orientation. The samples were subsequently
fed into the Empyrean X-ray Diffractometer
and continuously scanned between 4 and 75 26,
with a scan step size of 0.06261. Analysis was
carried out using CuKa primary X-ray beam
with a wavelength (L) of 1.540598. Individual
powder diffraction patterns were interpreted
using DIFFRACAT software by comparing
them with patterns from the International
Centre for Diffraction Data (ICDD). Major
and trace element concentrations were
measured using XRF technology on pressed
powder pellets, prepared by mixing 10 g of
sample with 1 g of stearic acid binder and
pressing to a pellet in a 40 mm steel disc.
Instrument calibration and quality control
were achieved using a standard reference
material (IAEA Soil 7).

Potential Human Health Risk Assessment

To estimate the risk to the environment and
human health due to improper management of
these mine wastes, non-cancer health risks
were computed for five potentially toxic
elements (PTEs), namely, Zn, Cu, Cr, As and
Pb. The first step for estimating the potential
non-cancer health risks is to compute the
average daily dose (ADD) of a contaminant
element in mine waste for different exposure
routes, in this case, through ingestion and
inhalation pathways (Man et al., 2010):



ADDing =

ADDinn =
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(Eq.2),

where Cyaste 18 the concentration of an element in mine wastes and other terms are define in Table

1.

Similarly, the hazard quotient (HQ) was computed as:

HQi=——

(Eq.3),

where RfD is the reference dose for each of the elements (Table 2).

Finally, the non-cancer health index (HI) which is an overall assessment of the health hazard due

to the mine wastes is given as:

HI= (Eq.4)
Table 1: Exposure factors used in CDI estimation for non-carcinogenic risk (USEPA,
1997, 2001)
S/N  Parameter Children Adult
1 Ingestion rate (IngR) 200 mg/day 100 mg/day
2 Exposure frequency (EF) 350 days 350 days
3 Exposure duration (ED) 6 years 24 years
4 Body weight (BW) 15 kg 70 kg
5 Average time (AT) 365daysxED 365daysxED
6 Conversion Factor (CF) 1x10°kg/mg  1x107° kg/mg
7 Inhalation rate (InhR) 7.6 mg/cm? 20 mg/cm?

8 Particulate emission factor (PEF)

1.36x10°m¥kg  1.36x10°m/kg

Table 2: The Reference Dose (RfD) Values
of Toxic Elements (USEPA, 2000)

Element  RiDing (mgkg/day)  RDinh (mg/kg/day)
Pb 3.00E-03 3.52E-03

/n 3.00E-01 3.00E-01

Cu 4.00E-02 4.02E-02

Cr 3.00E-03 2.86E-05

As 3.00E-04 3.1E-04

Ni 2.00E-02 2.00E-02

Mn 1.40E-01 5.00E-05

Co 2.00E-02 2.00E-02

Al 4.00E-04 4.00E-04

Fe 7.0E-01 7.0E-01

RESULTS AND DISCUSSION

Mineralogical Characteristics

Results of X-ray diffraction analysis show that
the mine wastes from the Gadaeregi area are
generally highly siliceous (Table 3), with the
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lowest amount of quartz being approximately
31 % and one sample having 100 % quartz.
Only one of the seven samples, which is
composed of more than 80 % albite lacks this
mineral, with clinochlore and cordierite
making up the remaining percentage. The
abundance of quartz is not surprising,
considering that gold in the area as in many
other artisanal mining regions in Nigeria is
won from gold-sulfide-bearing quartz veins.
The presence of up to 16 % actinolite, together
with goethite in one of the samples is
attributed to the presence of amphibolites in
the area. While no sulfide mineral has been
identified in these materials, one or more are
likely present, albeit at low amounts below the
method detection limit. The preponderance of
silicate minerals in these mine wastes signifies



a high acid buffering capacity, which is
capable of countering potential acid generation
from the oxidation of any sulfide present in the
ores. However, presence of large amounts of
silicates, especially quartz in finely ground
materials can pose significant human health
challenges. Inhalation of silica laden dusts
from the milling operations may potentially
harm the mine workers and residents of the
communities, through for example, silicosis of
the lungs. Similarly, the asbestiform nature of
some actinolite identified in one of the
samples may present another potential
respiratory health hazard for individuals who
inhale the fine dusts from the area.

Chemical Composition

The statistical summary of the concentration
of major oxides and trace elements in the mine
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wastes from Gadaeregi area is presented in
Table 4a and 4b. The silica content of between
47.98 % and 89.97 % (mean: 69.53 %) is an
indication of the generally siliceous nature of
the materials, except in few locations. This is
in agreement with the mineralogical data,
where quartz was found to be a major phase in
all the samples. Alumina content of between
8.24 and 16.37 %, with an average of 12.24 %
signifies the presence of feldspars in the mine
wastes, which again have been found in the
XRD results. The mean Fe;Os3 concentration of
8.06 %, coupled with the generally higher
magnesia and lime contents over soda and
potash may be an indication of the influence of
mafic minerals, such as actinolite that was
revealed by XRD analysis.

Table 3: Mineralogical composition of artisanal mine wastes from Gadaeregi area

Mineral L1 L2 L3 L4 L5 L6 L7
Albite 84 40 33.3

Annite 3 11

Almandine 6 5

Actinolite 16.2

Goethite 6.1

Clinochlore 5

Cordierite 11

Dolomite 5 13.1

Quartz 57 78 31.3 99 92 100
Halite 1

Bixbyite 1

Ilmenite 2

Table 4a: Summary of the concentration (wt. %) of major oxides in mine wastes of

Gadaeregi area

SiO; AlLO3; Fe0O3 TiO2 Na,O KO MgO CaO P05 SO3
Min 47.98 8.24 2.19 0.46 0.25 026 1.04 0.74 0.28 0.09
Max 89.97 16.37  15.39 1.38 1.58 1.03 3.74 3.85 0.51 1.16
Mean 69.53 12.24 8.06 0.81 1.04 0.72  2.20 2.27 0.38 0.38
Median 72.78 11.71 8.57 0.79 1.29 0.80 2.14 2.33 0.37 0.23
SD 14.79 2.71 4.13 0.29 0.52 0.28  0.82 1.17 0.08 0.37
UCcC 65.89 15.19 5.00 0.50 3.89 337 221 4.19 0.46

UCC: Upper crustal concentration (Taylor and McLennan, 1995)
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Overall, the concentrations of silica, iron and
titania is above their upper continental crust
abundances, while the materials are depleted
in terms of their alumina, potash, soda and
lime contents. Eight of the trace elements
studied in this work (Ni, Cu, Ga, V, Cr, Ce, As,
Pb and W) have -concentration ranges
generally above the UCC, indicating their
enrichment in the mine wastes. Five others (Ba,
Rb, Y, Zr and Nb) are enriched relative to
their distribution in crustal environments
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(Table 5b). Many of these trace elements (e.g.
As, Pb, Cr, Cu and Zn) are known to be
generally associated with gold in ores and
artisanal mining (Sako and Nimi, 2018) and
are potentially toxic and may have deleterious
effects to human beings. Their high
concentration in these materials may present
health challenges, when taken up through any
of ingestion, inhalation and skin contact routes
and are the subject of the health risk
assessment in this work.

Table 4b: Summary of the concentration (ppm) of trace elements in mine wastes of
Gadaeregi area

Min Max Mean  Median SD ucc

Ni 1022 5226 29.09 27.03 14.65 20
Cu 160 184.21 69.18 70.86 58.76 25
Zn 4000  106.28 71.49 61.69 25.43 71
Ga 037 14.66 9.83 11.68 4.81 17
w 3.50 8.88 6.24 5.46 2.05 2.0
V5675 31089  166.11 173.09  79.26 60
Cr 3168  160.10 77.39 71.29 43.28 35
Mn 56838 3987.69 150149  1277.86 1152.35 1000
Ba 26592 35635 29170  281.14  29.78 550
Ce 11641 48845 24399 21085  130.30 64
As 0.00 128.76 64.17 65.89 43.85 LS
Rb  0.12 18.56 10.69 10.97 6.21 112
Y 6.54 14.17 9.25 9.06 2.38 22
Zr  51.82 14806 9391 74.03 41.28 190
Nb 1.96 9.51 3.70 2.73 2.67 25
Pb  0.00 88.85 40.86 4535 36.10 20

UCC: Upper crustal concentration (Taylor and McLennan, 1995)

Human Health Risk Assessment

We estimated the potential human health children, compared to adults for this

risks posed by Cu, Zn, Cr, As and Pb in mine
wastes of Gadaeregi area, focusing on the
ingestion and inhalation exposure routes for
both children (15 years and below) and
adults. For the ingestion route, the HQi
decreased in the order As>Cr>Pb>Cu>Zn for
both children and adult populations.
However, the hazard level for individual
PTEs was found to be generally higher for
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exposure scenario (Table 5). Similarly, the
overall hazard index (HI) for this route for
children is approximately 23, much higher
than that for the adults at about 2.5. This
shows that for the ingestion pathway,
children exposed to these mine wastes are at
much higher risks of PTE toxicity compared
to the adults. Considering the hand-to-mouth
habits of children, especially those in the
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lower age brackets, this finding presents
some concerning situation. In both cases, the
HI is greatly influenced by the HQi for

the ingestion and inhalation pathways

arsenic, meaning the risk of As toxicity is
much higher than those of other elements
studied in this area.

Table S: Non-cancer potential health indices of mine wastes from Gadaeregi area through

SL1 SL2 SL3 SL4 SL5 SL6 SL7 XADD HQ;i HI
Ingestion child
Cu 2.59E-04 1.06E-03 9.40E-04 6.55E-04 2.36E-03 9.06E-04 2.04E-05 6.19E-03 0.15
Zn  1.36E-03 7.89E-04 7.01E-04 5.11E-04 1.16E-03 6.63E-04 1.21E-03  6.40E-03 0.02
Cr 8.01E-04 4.79E-04 1.26E-03 2.05E-03 1.02E-03 9.12E-04 4.05E-04 6.93E-03 2.31
As  3.21E-04 6.39E-05 1.34E-03 8.42E-04 8.81E-04 1.65E-03 7.17E-04 5.81E-03 19.36
Pb  6.39E-05 2.21E-04 1.03E-03 1.74E-05 1.14E-03 5.80E-04 6.72E-04 3.72E-03 1.24  23.08
Ingestion adult
Cu 2.78E-05 1.13E-04 1.01E-04 7.01E-05 2.52E-04 9.71E-05 2.19E-06 6.63E-04  0.02
0.00E+0
Zn  1.46E-04 8.45E-05 0 5.48E-05 1.25E-04 7.11E-05 1.30E-04 6.10E-04  0.00
Cr 8.59E-05 5.14E-05 1.35E-04 2.19E-04 1.09E-04 9.77E-05 4.34E-05 7.42E-04 0.25
As  3.43E-05 6.85E-06 1.43E-04 9.03E-05 9.44E-05 1.76E-04 7.68E-05 6.22E-04  2.07
Pb  6.85E-06 2.37E-05 1.10E-04 1.87E-06 1.22E-04 6.21E-05 7.20E-05 3.99E-04  0.13 2.47
Inhalation child
Cu 7.25E-09 2.95E-08 2.63E-08 1.83E-08 6.58E-08 2.53E-08 5.71E-10  1.73E-07 4E-06
Zn 3.80E-08 2.20E-08 1.96E-08 1.43E-08 3.25E-08 1.85E-08 3.39E-08 1.79E-07 6E-07
Cr 2.24E-08 1.34E-08 3.53E-08 5.72E-08 2.85E-08 2.55E-08 1.13E-08  1.94E-07 0.0068
As 8.96E-09 1.79E-09 3.73E-08 2.35E-08 2.46E-08 4.60E-08 2.00E-08 1.62E-07 0.0005
Pb 1.79E-09 6.19E-09 2.88E-08 4.87E-10 3.17E-08 1.62E-08 1.88E-08  1.04E-07 3E-05 0.01
Inhalation adult
Cu 1.02E-09 4.16E-09 3.70E-09 2.58E-09 9.28E-09 3.57E-09 8.05E-11  2.44E-08 6E-07
Zn 5.35E-09 3.11E-09 2.76E-09 2.01E-09 4.58E-09 2.61E-09 4.77E-09  2.52E-08 8E-08
Cr 3.16E-09 1.89E-09 4.98E-09 8.06E-09 4.01E-09 3.59E-09 1.60E-09  2.73E-08 0.001
As 1.26E-09 2.52E-10 5.26E-09 3.32E-09 3.47E-09 6.48E-09 2.82E-09 2.29E-08 7E-05
Pb 2.52E-10 8.72E-10 4.06E-09 6.86E-11 4.47E-09 2.28E-09 2.65E-09 1.47E-08 4E-06 0.001

The inhalation pathway appears to present
very low risk for both children and adults due
to these mine wastes, with a HI of 0.007 for
children greater than 0.001 for adults. For this
exposure route, the HQi for the elements is in
the order Cr>As>Pb>Cu>Zn for both children
and adults. These exposure pathway does not
seem to pose serious potential health risks in
terms of these PTEs in the mine wastes of the
area. According to Awesome et al. (2017) and

86

Ondayo et al. (2023), HQi and HI values of
less than 1 indicate low or no adverse non-
cancer health risk from environmental
matrices. For the ingestion exposure route, a
child who consumes these mine wastes is
generally at a higher risk of adverse effects
than an adult. For the five PTEs studied in this
work, the HQi values show that a child
ingesting these materials is 7.5 to 9.5 times
more likely to suffer adverse health effects
than an adult. Similarly, for the inhalation
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pathway, though considered to be generally
less significant in this study (Table 5), the
possibility of children suffering adverse health
effects was found to be 6.6 to 7.5 times higher
than that for adults. The overall risk
assessment (HI) follows the same pattern,
where children are 9 to 10 times more
vulnerable than members of the adult
population exposed to these mine wastes
through the two exposure scenarios.

CONCLUSION

This study assessed the chemical and
mineralogical characteristics of wastes from

ASGM in Gadaeregi area, near Minna, Nigeria.

The aim was to assess the potential human
health risks respect to toxic elements through
ingestion and inhalation exposure pathways.
The main minerals identified in the wastes are
albite, quartz, actinolite, dolomite and annite.
Among the major elements, Fe, Si and Ti are
present at concentrations above the published
upper crustal abundances; while Al, Na, K and
Ca appear to be depleted. The wastes are
enriched in nine of the trace elements studied
(Ni, Cu, Ga, V, Cr, Ce, As, Pb and W) and
depleted in five others (Ba, Rb, Y, Zr and Nb).
Health risk assessment showed that Cr, As and
Pb are the most dosed trace elements in these
wastes for both children and adults for the two
exposure scenarios. While all three elements
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