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Abstract
The Itakpe abandoned iron-ore mines constitute the largest iron-ore deposits in Nigeria with an estimated reserve of about 
three million metric tons of ore. The present effort is a part of a comprehensive study to estimate the environmental and 
radiological health hazards associated with previous mining operations in the study area. In this regard, heavy metals (Fe, 
Zn, Cu, Cd, Cr, Mn, Pb, Ni, Co and As) and natural radionuclides (U, Th and K) were measured in rock, soil and water 
samples collected at different locations within the mining sites. Atomic absorption and gamma-ray spectrometry were uti-
lized for the measurements. Fe, Mn, Zn, Cu, Ni, Cd, Cr, Co Pb and As were detected at varying concentrations in rock and 
soil samples. Cd, Cr, Pb and As were not detected in water samples. The concentrations of heavy metals vary according 
to the following pattern; rock ˃ soil ˃ water. The mean elemental concentrations of K, U and Th are 2.9%, 0.8 and 1.2 ppm 
and 1.3%, 0.7 and 1.7 ppm, respectively, for rock and soil samples. Pearson correlation analyses of the results indicate that 
the heavy metals are mostly negatively correlated with natural radionuclides in the study area. Cancer and non-cancer risks 
due to heavy metals and radiological hazards due to natural radionuclides to the population living within the vicinity of 
the abandoned mines are lower than acceptable limits. It can, therefore, be concluded that no significant environmental or 
radiological health hazard is envisaged.
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1 Introduction

Nigeria is generally endowed with different solid minerals 
(e.g., iron, tin, tantalite, marble, quart, gem stones, etc.) 
apart from oil and gas. Harnessing these mineral resources 
has contributed greatly to the socio-economic growth of the 
nation (Gbadebo and Ekwue 2014). Associated with the 
exploration, mining and processing of the minerals is the 
widespread dispersal and distributions of contaminants into 
the environment. Prominent among these contaminants are 
heavy metals (Fe, Mn, Zn, Cu, Ni, Cd, Cr, Co Pb and As) 

and radioactive elements (U, Th and K). Mining activity is 
fingered as one of the most potentially harmful anthropo-
genic activities carried out in the world leading to severe 
disruption of the environment (Acosta et al. 2011; Antunes 
et al. 2017). The extraction of iron metal from mining ore 
generates tailings and large volumes of contaminated waste 
rocks, which are left as heaps of waste products within the 
vicinity of the mining environment posing radiological 
and ecological risks to human health and the environment. 
Potentially toxic elements may be transported from the min-
ing areas through run-off to nearby streams and rivers or 
leached into the groundwater; thus, abandoned mines are 
one of the most important sources of contamination to the 
environment (Antunes et al. 2017).

Heavy metals are persistent and non-degradable constitu-
ent of the earth’s environment. Heavy metals generally refer 
to metals and metalloids with density greater than 5 g/cm3 
(Chen et al. 2015). Heavy metal contamination in the mining 
environment may pose health risks and pollution hazards to 
humans and the ecosystem through direct derma contact, 
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ingestion of dust particle from rock and soil, entry into the 
food chain via soil-to-plant transfer and drinking of con-
taminated ground- and surface water (Wuana and Okieimen 
2011). Unlike organic contaminants, heavy metals do not 
undergo environmental, chemical or microbial degradations 
(Kirpichtchikova et al. 2006). Their concentrations persist 
in soil for a long period of time after their introduction 
(Adriano 2003; Wuana and Okieimen 20111). Heavy metal 
pollution of the environment depends on the toxicity and 
concentration of individual metal in different environmental 
matrices (Ajayi et al. 2009).

Radioactive materials are natural components of the envi-
ronment in which man lives. In the terrestrial environment, 
radioactivity can be natural or artificial in origin. Natural 
radioactivity includes radionuclides that are formed at the 
creation of the earth known as primordial radionuclides or 
those formed through the interactions of cosmic rays with 
atmospheric substances known as cosmogenic radionuclides. 
Primordial radionuclides are naturally occurring radioactive 
elements contained in the uranium, thorium and actinium 
decay series together with the singly occurring radioactive 
isotope of potassium. The concentration levels of both pri-
mordial and cosmogenic radionuclides in the earth’s envi-
ronment depend on several factors which include altitude, 
weathering processes, geography and general geology of 
the specific environment. Artificial radionuclides are those 
produced through human activities. Terrestrial gamma radia-
tion from natural radionuclides accounts for ~ 85% of the 
total global annual average ionizing radiation (UNSCEAR 
2001; Wang et al. 2017). Long-term exposure to and inhala-
tion of heavy metals and natural radionuclides could cause 
many health problems, such as acute leukemia, anemia, cata-
racts of the eye as well as different types of cancer (Taskin 
et al. 2009; Qureshi et al. 2014; Wang et al. 2017). Sev-
eral researchers have made efforts to correlate heavy metal 
contamination with natural radioactivity in soil and water 
(Baykara and Dogru 2010; Meindinyo and Agbalagba 2012; 
Faisal et al. 2015; Milenkovic et al. 2015; Chen et al. 2015), 
aquatic environment (Szarlowicz et al. 2013; Aytas et al. 
2014; Goher et al. 2014; El-Amier et al. 2017), crude oil 
(Ajayi et al. 2009), fertilizer (El-Taher and Althoyaib 2012), 
uranium and phosphate mining areas (Atta et al. 2016; Bai 
et al. 2017), other mining environment (Mileusnic et al. 
2014), etc. Information on such efforts concerning iron-ore 
mines is very scanty. The aim of this research work, there-
fore, is to measure the elemental concentrations of some 
heavy metals (Fe, Zn, Cu, Cd, Cr, Mn, Pb, Ni, Co and As) 
and naturally occurring radionuclides (U, Th and K) in dif-
ferent rock types, soil, tailings and water samples collected 
from abandoned mines of Itakpe iron-ore mining environ-
ment in order to estimate the ecological and radiological 
hazards due to the previous mining activities in the area. 
Atomic absorption and gamma spectrometry methods were 

utilized for the analysis of heavy metals and natural radio-
nuclides, respectively.

2  Materials and Methods

2.1  Sample Collection

Representative rock, soil, tailing and water samples were 
collected randomly from Itakpe abandoned iron-ore mines 
and the adjoining environment for atomic absorption and 
gamma spectrometric analysis. The location of the study 
area is shown in Fig. 1. A total of 13 rock samples were 
collected representing the major rock types within the min-
ing area with the aid of chisel and hammer. Also, ten soil 
samples consisting of soil mixed with tailings were collected 
around the mining sites. The soil samples were collected 
at the depth of 0–25 cm after the upper layer debris was 
removed. Water samples were collected from ten different 
locations consisting of streams, incubating pool and tailing 
effluent drains. The rock and soil samples were air dried in 
the open laboratory for about 4 weeks, pulverized, sieved 
through a 600 µm mesh and then stored in well-labeled plas-
tic bags prior to laboratory analysis.

2.2  Sample Measurements for Atomic Absorption 
Spectrometry (AAS)

2.2.1  Digestion Procedure for Rock and Soil Samples

Determination of heavy metal contents of rock, soil and 
water samples was done at the AAS laboratory of Centre 
for Energy Research and Development, Obafemi Awolowo 
University, Ile Ife, Nigeria using a PG990 atomic absorp-
tion spectrometer. For the digestion of the samples, 1 g each 
of the pulverized rock and soil samples was weighed into 
a clean Teflon beaker, adding 20 ml of Hydrofluoric acid 
(HF) and heated to near dryness before 15 ml of Nitric acid 
 (HNO3) was added. Further heating was done to near dry-
ness in order to mop up the residue. After cooling for some 
minutes, 20 ml of distilled water was added to boil off the 
acid. After boiling to one-third its volume, the sample solu-
tion was allowed to cool and filtered. The digested solutions 
were made to 200 ml mark of the standard flask with dis-
tilled water and kept refrigerated pending analysis (Christo-
foridis and Stamatis 2009). Blank solutions without samples 
were prepared following the same procedure.

2.2.2  Digestion Procedure for Water Samples

25 ml of each of the filtered sample was accurately measured 
into clean conical flasks. 10 ml freshly prepared aqua-regia 
 [HNO3:HCl (1:3)] was gently added through the side, and the 
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mixture was gently swirled to achieve mixing. The flask was 
then heated gently to one-third its original volume; this was 
allowed to cool and filtered. The filtrate was then made up to 
mark in a 250 ml STD flask with double distilled water and 
transferred into clean and labeled sample bottles. The sample 
bottles were kept refrigerated pending AAS analysis.

2.2.3  Sample Measurement

Concentrations of ten heavy metals (Fe, Mn, Zn, Cu, Ni, Cd, 
Cr, Co Pb and As) were determined by atomic absorption 
spectrometry using a PG990 spectrometer. The wavelength 
and limits of detection of the spectrometer for the analyzed 
heavy metals are given in Table 1. Calibration curve was gen-
erated for each metal from the measured absorbance value for 
blank and working standard solution in order to evaluate the 
concentrations of heavy metals in the digested sample solution. 
The concentrations of heavy metals in mg/kg in the rock and 
soil samples were obtained from the reading of AAS using 

Eq. (1), while those in water samples were determined through 
Eq. (2):

For quality control, the samples were carefully handled 
and all the glass wares and digestion vessels utilized were 
thoroughly washed before use, cleansed and rinsed with 
deionized water. Accuracy and precision of the measuring 
procedures were ensured through the preparation of reagent 
blanks and duplicate samples (IAEA 2008).

(1)

Concentration in soil

=

(AAS reading − blank)
(

mg

L

)

× final volume (L)

Samplemass (kg)
,

(2)

Concentration inwater

=

(AAS reading − blank)
(

mg

L

)

× final volume (L)

Sample volume (L)
.

Fig. 1  Map of Nigeria showing the location of Itakpe iron-ore mines

Table 1  Wavelength and detection limits of the spectrometer for the analyzed heavy metals

Heavy metal Fe Zn Mn Cu Ni Cd Cr Co Pb As

Wavelength (m) 248.3 213.9 285.2 324.8 232.0 228.8 357.9 240.7 217.0 193.7
Detection limit (mg/l) 0.0043 0.0033 0.0016 0.0045 0.008 0.0028 0.0054 0.01 0.012 0.012
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2.3  Sample Measurements for Gamma‑Ray 
Spectrometry

The pulverized rock and soil samples were packed each into 
separate Marinelli cylindrical beakers, sealed and kept for a 
period of 40 days prior to gamma spectrometric analysis so as 
to ensure secular radioactive equilibrium. The same procedure 
was carried out for water samples. A low-level NaI(Tl) detector 
was used. The detector is a cylindrical well-type NaI(Tl) detec-
tor (Model 802) coupled to an 8 k PC based multi-channeled 
analyzer manufactured by Canberra Inc. The detector volume 
is a 3ʺ × 3ʺ crystal housed in ~ 5 cm block of cylindrical lead 
shield with moveable cover to reduce the effect of background 
radiation on the measurements. The linearity of the detector 
was tested and found to be okay. Energy resolution calibration 
was carried out with gamma sources consisting of 60Co, 137Cs, 
241Am and 22Na sourced from International Atomic Energy 
Agency (IAEA), Vienna. This was achieved by obtaining 
spectral data from the standard sources with an energy range 
of 0.511–2.62 MeV (Ademola et al. 2015). The detection effi-
ciency calibration was carried out using a standard reference 
material (IAEA-385), consisting of known activities of 40K 
(607 Bq/kg), 238U (29 Bq/kg) and 232Th (33.7 Bq/kg). The res-
olution of the detector at 662 keV of 137Cs is 7.5% full width at 
half maximum (FWHM). Background count was determined 
by obtaining the counts due to empty Marinelli beaker of the 
same geometry as the sample holders. The net count due to 
the sample was obtained by deducting the background count 
from the gross count (Isinkaye et al. 2013). The counting time 
was set at 24 h in order to obtain gamma spectrum with good 
statistics. The activity concentration of 238U was determined 
based on the 1.76 MeV gamma line of 214Bi, while the 232Th 
concentration was evaluated based on the 2.62 MeV gamma 
line of 208Tl and 40K concentration was assayed directly from 
its 1.46 MeV gamma line. The minimum detectable activ-
ity for 40K, 238U and 232Th was 0.0255 and 0.00737 Bq/kg, 
respectively, for the NaI(Tl) detector used in this study. Values 
below these numbers were expressed as below detection limit 
(BDL) in the results. The specific activities of 40K, 238U and 
232Th were converted to massic elemental concentrations of 
potassium (%K), uranium (eU) and thorium (eTh) using the 
recommendations of IAEA technical report 309 (IAEA 1989), 
which give the conversion values as (Eq. 3):

2.4  Heavy Metal Human Health Impact Assessment

Human health impact assessment is the process of evalu-
ating the nature and possibility of adverse health effects in 

(3)

1%K = 313Bq/kg of 40K,

1 ppm eU = 12.35Bq/kg of 238U, and

1 ppm eTh = 4.06Bq/kg of 232Th.

humans who may be exposed to toxic materials in contami-
nated environmental media (NRC 1983; Li et al. 2014). The 
human health impacts were estimated using exposure, non-
carcinogenic and carcinogenic risk assessments. To calculate 
the levels of human exposure to heavy metals in rock dust, 
soil and water samples, the average daily intake (ADI) due 
to ingestion, inhalation and dermal absorption was used. The 
models used for the calculation of ADI were recommended by 
US Environmental Protection Agency (USEPA).

For ingestion pathway, Eq. (4) (Li et al. 2014) was used:

where  ADIingestion is the average daily intake of heavy met-
als from soil ingestion (mg/kg-day), Cij is the concentration 
of heavy metal i in medium j, IngRj is the ingestion rate of 
j medium particles (mg/day or L/day), EF is the exposure 
frequency (day/year), ED is the lifetime exposure duration 
(year), BW is body weight of the exposed individual and AT 
is time period over which the dose is averaged (day).

For inhalation pathway, Eq. (5) was used:

where PEF is the particle emission factor  (m3/kg).
For dermal absorption pathway, Eq. (6) was used:

where  ADIdermal is the average daily intake of heavy metal 
from dermal absorption (mg/kg-day), SA is the exposed skin 
surface area  (cm2), AF is the adherence factor (mg/cm2-day) 
and ABS is the dermal absorption factor (unitless).

The non-carcinogenic health risk was assessed by the evalu-
ation of the dimensionless hazard quotient (HQ) defined as the 
ratio of the chronic average daily intake to the toxicity thresh-
old value, which is referred to as the reference dose (RfD) of 
a specific heavy metal (Li et al. 2014; Hiller et al. 2016) as 
given in Eq. (7):

where ADI is the average daily intake of a single toxic ele-
ment and RfD is the chronic reference dose for the element 
(mg/kg-day) (USEPA 2001). The hazard index HI is defined 
as the total sum of HQ obtained for different pathways as 
shown in Eq. (8) (Xu et al. 2013, Bai et al. 2017):

The acceptable value of HI is ≤ 1.0. If HI > 1.0, non-
carcinogenic health risk is probable and the risk increases 
with increase in HI (Bleam 2016; Bai et al. 2017).

(4)ADIingestion =
Cij × IngRj × EF × ED

BW × AT
,

(5)ADIinhalation =
Cij × InhRj × EF × ED

PEF × BW × AT
,

(6)ADIdermal =
Cij × SA × AF × ABS × EF × ED

BW × AT
,

(7)HQ =
ADI

RfD
,

(8)HI =
∑

HQ.
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The carcinogenic risk is used to assess the possibility of 
an individual developing any type of cancer due to exposure 
to cancer-causing agents during a lifetime. This was calcu-
lated using Eq. (9) (Li et al. 2014):

where SF is the carcinogenic slope factor (per mg/kg-day). 
Cancer risk values higher than 1 × 10−4 are regarded as 
unacceptable, while those below 1 × 10−6 are not consid-
ered to pose any significant cancer risks. The acceptable 
range falls within 1 × 10−4 and 1 × 10−6 depending on the 
circumstance of exposure (Hu et al. 2012; Li et al. 2014). 
The parameters used for the evaluation of exposure risks of 
heavy metals in rock dust and soil are presented in Table 2.

2.5  Radiological Health Risks Assessment

2.5.1  Gamma Dose Rates

Gamma dose rates were estimated for the rock and soil sam-
ples at a distance of 1 m height in order to assess the radio-
logical health risks associated with the specific activities of 
natural radionuclides in the study area (Isinkaye et al. 2013). 
The formula for the calculation is given as (IAEA 2003):

(9)Cancer risk = ADI × SF,

(10)D = 13.078CK + 5.675CU + 2.494CK(nGy/h),

where CK, CU and CTh are the mass concentration of potas-
sium (%), uranium (ppm) and thorium (ppm), respectively. 
The formula is based on the assumption that 1% K pro-
duces gamma dose rates of 13.078 nGy/h, 1 ppm eU equals 
5.675 nGy/h and 1 ppm eTh gives 2.294 nGy/h.

To convert the external dose rates due to natural radio-
nuclides in rock and soil samples to annual effective dose 
equivalent (AEDE), Eq. (11) was used (UNSCEAR 2011):

where D is the dose rate obtained from the mass concentra-
tion of K, U and Th in (nGy/h), 0.2 is a factor that gives 
the percentage of time spend outdoors and 0.7 is the factor 
that converts absorbed dose in air outdoor to effective dose 
received by individual adults.

2.5.2  Excess Life‑Time Cancer Risk

The excess lifetime cancer risk due to external gamma dose 
exposure in the mining environment was calculated using 
Eq. (12) (Qureshi et al. 2014):

where LE is the life expectancy (70 year) and RF is the fatal 
risk factor per Sievet, which is 0.05 as reported in ICRP-60.

(11)
AEDE(μSv/year) =D(nGy/h) × 24 h × 365.25 days

× 0.2 × 0.7(Sv/Gy) × 10−3.

(12)ELCR = AEDE × LE × RF,

Table 2  Exposure factors used for the calculation of human health risks due heavy metals to individuals dwelling in the vicinity of the mines 
(USEPA 1999, 2001; Ferreira-Baptista and De Miguel 2005; Chen et al. 2015; Bai et al. 2017)

Exposure factor Symbol Value Unit

Soil/rock dust ingestion rate IngR 100 mg/day
Soil/rock dust inhalation rate InhR 20 m3/day
Exposure frequency EF 350 day/year
Exposure duration ED 30 year
Skin area SA 5700 cm3

Skin adherence factor SL 0.07 mg cm2

Derma absorption factor DAF Mn (0.01), Zn (0.02), Cu (0.1), Ni (0.35), Cd (0.14), Cr (0.04), Pb (0.006), As (0.03), Unitless
Particle emission factor PEF 1.36 × 109 m3/kg
Body mass BM 70 kg
Average time AT ED × 365 days day
Chronic reference dose RfD Ingestion RfD: Mn (4.6 × 10−2), Zn (3.00 × 10−1), Cu (4.00 × 10−2), Cr (3.00 × 10−3), 

Cd (1.00 × 10−3), Ni (2.00 × 10−2), Co (2.00 × 10−2), Pb (3.50 × 10−3), As 
(3.00 × 10−4)

mg/kg/day

Inhalation RfD: Mn (1.43 × 10−5), Zn (3.00 × 10−1), Cu (4.02 × 10−2), Cr 
(2.86 × 10−5), Ni (2.06 × 10−2), Co (5.71 × 10−6), Pb (3.25 × 10−3), As 
(3.01 × 10−4)

Dermal RfD: Mn (1.84 × 10−3), Zn (6.00 × 10−2), Cu (1.20 × 10−2), Cr (6.00 × 10−5), 
Cd (1.00 × 10−5), Ni (5.40 × 10−3), Co (1.60 × 10−2), Pb (5.25 × 10−4), As 
(1.23 × 10−4)

Carcinogenic slope factor SF Ingestion SF: As (1.5) 0 (mg/kg/day)−1

Inhalation SF: Cr (4.20 × 10−1), Cd (6.30), Ni (8.40 × 10−1), Co (9.80), As 
(1.51 × 10−1)

Dermal SF: As (3.66)
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3  Results and Discussion

3.1  Heavy Metals

The summaries of the basic descriptive statistics for metal 
concentrations of Fe, Zn, Cu, Cd, Cr, Mn, Pb, Ni, Co and As 
in rock and soil samples from Itakpe iron-ore mines are pre-
sented in Tables 3 and 4. As observed in Table 3, the arith-
metic mean, geometric mean and 50th percentile (median) 
values for Cu, Zn, Ni, Cd, Cr, Co and As are higher in rock 
samples from Itakpe iron-ore mines than their correspond-
ing average crustal values (ACVs) as obtained in Shaw et al. 
(1967), while Fe and Mn present arithmetic mean, geometric 
mean and 50th percentile values lower than their respective 
ACVs. Only Pb values are similar to its ACV. From Table 4, 
Fe, Mn, Ni, Cr and Pb present values lower than their ACVs. 
Of note is the concentration of Cd in rock and soil samples 
which is about 404 and 62.7 times, respectively, higher than 

the average crustal concentration. The average concentra-
tion of heavy metals in rock samples decreases according 
to the following order: Fe > Zn > Cu > Mn > (Cr=Co) > 
Cd > Ni > As > Pb, while those of soil samples follow the 
following decrease order: Fe > Zn > Co > Mn > Cu > Cr > 
Ni > Cd > As > Pb. Figures 2 and 3 show the box whisker 
plot for the distributions of heavy metals in the study area. 
It can be seen from the figures that only Fe, Zn and Cu show 
moderately wide distribution, while others fall within narrow 
ranges indicating that the distributions of the heavy metals 
are influenced by a wide degree of variations both in rock 
and soil samples. The calculation of coefficient of variation 
also confirms the variability in the dispersion of the heavy 
metals in the study area. Coefficient of variation value lower 
than 20% indicates low variability, while value between 20 
and 50% implies moderate variability, value greater than 
50% but less or equal to 100% shows high variability and 
coefficient of variation value greater than 100% is regarded 

Table 3  Statistics of heavy metal concentrations (mg/kg) in rock samples collected from abandoned iron-ore mines (taken from Shaw et  al. 
1967)

SD standard deviation, ACV average crustal value

Heavy metal Min Max Mean SD ACV Geometric mean Median Skewness Kurtosis Coefficient of 
variation (%)

Fe 320 872 438 149 40,900 421 416 2.350 6.28 34.0
Mn 63 195 112 32 700 108 111 1.169 2.95 28.8
Cu 63 390 223 92 14 203 219 0.070 − 0.32 41.1
Zn 228 610 405 130 52 385 411 0.230 − 1.17 32.1
Ni 11.2 31.6 24.6 5.9 19 23.8 25.6 − 0.982 0.84 23.9
Cd 18.6 47.4 30.2 8.5 0.075 29.2 28.6 0.497 − 0.19 28.0
Cr 77 173 105.6 26.5 35 102.9 112.0 1.257 2.43 25.1
Co 85 125 105.6 14.5 12 104.7 109.0 − 0.123 − 1.67 13.7
Pb 13.6 22.8 17.4 2.7 17 17.2 16.8 0.745 − 0.15 15.7
As 13.2 25.0 17.9 3.9 2 17.5 16.6 0.602 − 0.85 21.5

Table 4  Statistics of heavy metal concentrations (mg/kg) in soil samples collected from abandoned iron-ore mines (taken from Shaw et al. 1967)

SD standard deviation, ACV average crustal value

Heavy metal Min Max Mean SD ACV Geometric mean Median Skewness Kurtosis Coefficient of 
variation (%)

Fe 100 182 139 23 40,900 137 142 0.104 0.51 16.6
Mn 19.0 36.0 27.8 6.2 700 27.1 27.5 − 0.142 − 1.29 22.4
Cu 20.8 27.0 24.2 2.0 14 24.2 24.5 − 0.344 − 0.74 18.3
Zn 68.0 172.0 106.7 31.1 52 102.9 101.0 0.934 0.84 29.1
Ni 5.6 9.2 7.6 1.2 19 7.6 7.7 − 0.279 − 1.03 15.8
Cd 3.2 6.0 4.7 0.9 0.075 4.7 4.6 − 0.152 − 0.50 8.1
Cr 12.0 28.0 19.7 4.1 35 19.3 19.5 0.222 2.40 20.6
Co 19.0 41.0 30.7 6.5 12 30.0 32.0 − 0.379 − 0.10 21.1
Pb 3.2 5.4 4.3 0.74 17 4.2 4.4 − 0.031 − 1.27 17.3
As 3.2 6.0 4.7 0.83 2 4.6 4.6 − 0.141 − 0.11 17.6
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Fig. 2  Box whisker plot for 
heavy metals in rock samples

Median; Box: 25%-75%; Whisker: Non-Outlier Range
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Fig. 3  Box whisker plot for 
heavy metals in soil samples

Median; Box: 25%-75%; Whisker: Non-Outlier Range
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as exceptionally high variability (Karim et al. 2015). From 
the results, all the heavy metals show low to moderate vari-
ability in the rock, soil and water samples. The statistical 
description of heavy metal concentrations for water sam-
ples is summarized and presented in Table 5. The heavy 
metals show average concentration of 5.5 ± 2.5, 1.8 ± 0.8, 
8.5 ± 3.0, 5.8 ± 1.0, 0.6 ± 0.2 and 0.4 ± 0.2 mg/l for Fe, Mn, 
Cu, Zn, Ni and Co, respectively. Cd, Cr, Pb and As were not 
detected in all the water samples.   

The process of mining and extraction of the iron metal 
from the ore rocks involves crushing of the rocks, which 
generate huge rock and soil dusts in the mining environ-
ment. The dust generated can cause exposure to human 
through ingestion, inhalation and dermal contact. Human 
health risks associated with heavy metals in rock and soil 
samples were assessed through these three pathways on the 
assumption that rock and soil dust cause similar health risks. 
The results of human health risks assessment due to heavy 
metals in rocks and soils of the abandoned ire-ore mines are 
presented in Tables 6 and 7. From the tables, it can be seen 
that ingestion pathway plays a significant role in the average 
daily intake of heavy metals in the mining environment for 
non-cancer risks. The hazard quotients due to dermal contact 
are higher for Cu, Cr and Cd in rock samples than ingestion 
and inhalation pathways. For soil, the hazard quotients due 
to dermal contact are higher in Zn, Cu, Cr and Cd than other 
pathways. Only the hazard index (HI) due to Cd in dust from 
rock samples show values that are above the acceptable limit 
of HI equals unity. For non-cancer risk, the values of the 
hazard indices due to heavy metals rock samples are more 
pronounced than those for soil samples. For cancer risk, only 
Ni, Cr, Cd, Co and As were considered (Bai et al. 2017). The 
cancer risks obtained for the five heavy metals in rock and 
soil dusts are much lower than the acceptable upper limit of 
 10−4. From the results, it can be observed that non-cancer 
risks are more important than cancer risks in the study area. 
It can also be seen that both non-cancer and cancer risks 

for humans living in the vicinity of the abandoned iron-ore 
mines are all at acceptable levels.

3.2  Natural Radionuclides

The summary of the results of the elemental concentrations 
of K, eU and eTh for rock and soil samples is presented 
in Tables 8 and 9. The evaluated average concentrations of 
K, U and Th in rock samples are as follows: 2.9%, 0.8 and 
1.2 ppm with a range of 0.5–6.2%, 0.2–2.1 and 0.4–2.1 ppm, 
respectively. In soil samples, the average concentrations are 
1.3%, 0.7 and 1.7 ppm with a range of 0.2–2.2%, ND to 
1.5 and ND to 4.4 ppm, for K, U and Th, respectively. The 
world mean crustal values of K, U and Th are 1.3%, 2.7 
and 11.1 ppm, respectively (UNSCEAR 2008) and the mean 
values obtained for rock and soil samples in the abandoned 
mines were far lower than these mean values except for K 
which falls within the same range. The air-absorbed gamma 
dose rates, annual effective dose and excess life cancer risks 
calculated from elemental concentrations of radionuclides in 
rock and soil samples are shown in Tables 8 and 9, respec-
tively. The mean absorbed dose rate in rock samples is 46.0 
nGy/h, while that of soil sample is 26.0 nGy/h. The mean 
absorbed gamma dose rate obtained for both rock and soil 
samples is lower than the worldwide population weighted 
mean of 60 nGy/h as reported in UNSCEAR (2008). The 
mean annual effective doses in rock and soil samples are 
56.5 and 31.9 µSv/y, which are both lower than the world 
average value of 70 µSv/y. The average excess lifetime can-
cer risks due to the levels of radionuclides in rock and soil 
samples are 1.98 × 10−4 and 1.12 × 10−4, respectively. The 
values are lower than the world average figure of 0.29 × 10−3 
for soil and 0.05 for low-level radiation exposures as recom-
mended by UNSCEAR and ICRP (Kolo et al. 2015).

Table 5  Statistics of heavy 
metal concentrations (mg/l) in 
water samples collected from 
abandoned iron-ore mines

Heavy metal Min Max Mean SD Geomet-
ric mean

Median Skewness Kurtosis Coefficient of 
variation (%)

Fe 1.7 9.0 5.5 2.5 4.9 5.6 − 0.121 − 1.30 45.8
Mn 0.7 3.1 1.8 0.8 1.6 2.1 0.000 − 0.82 42.1
Cu 3.0 12.4 8.5 3.0 7.8 9.2 − 0.744 − 0.14 35.4
Zn 4.5 7.8 5.8 1.0 5.7 5.6 0.948 0.75 17.2
Ni 0.3 1.0 0.6 0.2 0.5 0.5 0.408 − 1.12 39.4
Cd ND ND ND ND ND ND
Cr ND ND ND ND ND ND
Co 0.2 0.7 0.4 0.2 0.4 0.3 0.338 − 1.74 47.7
Pb ND ND ND ND ND ND
As ND ND ND ND ND ND
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3.3  Correlation Analysis

Pearson correlations between the obtained data were per-
formed utilizing STATISTICA (Release 7) software package 
in order to determine the relationships between heavy met-
als and natural radionuclides. The correlation coefficients 
at p ≤ 0.05 for heavy metal and natural radionuclides in 
rock and soil samples are presented in Tables 10 and 11. 
In the rock samples, none of the three radionuclides show 
significant relationship with heavy metals. Fe has a strong 
positive correlation with Mn, Cu and Cr but negatively cor-
related with Zn, Co, Pb, K, U and Th. Mn is significantly 
correlated with Cr and As. Cu is strongly and positively 
correlated with Zn, Ni Cd, Cr and As. Zn has a significant 
positive relationship with Ni. Cd is strongly and positively 
related with Cr, Co and As, while Cr is strongly correlated 
with As. There also exists a positive significant relationship 
between Co and Pb. For soil samples, K, U and Th show 
negative correlation with most of the heavy metals. Some 
of the heavy metals show significant positive correlations 
in soil sample, e.g., Zn with Fe, Cd with Mn, Cu, and Ni, 

Cr with Mn, Cu and Cd, Cu with Mn, and As with Mn, Cu, 
Cr, and Co. The relationship between U and K is positive 
and significant so also between Th and U. Strong positive 
correlations between heavy metals or radionuclides suggest 
similarity in origin, transfer mechanism or behavior in the 
environment. The absence of correlations implies that the 
heavy metals or radionuclides are mutually independent or 
differ in behavior (Bai et al. 2017).

4  Conclusion

Heavy metals (Fe, Mn, Zn, Cu, Ni, Cd, Cr, Co Pb and As) 
and natural radionuclides (K, U and Th) were measured in 
rock, soil and water samples from an abandoned iron-ore 
mines located in the north central region of Nigeria. All 
the metals considered in this study were detected at vary-
ing concentrations in rock and soil samples. Cd, Cr, Pb and 
As were not detected in water samples. The concentrations 
of heavy metals vary according to the following pattern; 
rock > soil > water. It can then be concluded that heavy 

Table 6  Summary of non-cancer and cancer risks due to heavy metals in rock dust from Itakpe iron-ore mines

Heavy metal Statistic ADIing ADIinh ADIdermal HQing HQinh HQdermal HI Cancer risk

Mn Max 2.67 × 10−4 3.93 × 10−8 1.07 × 10−6 5.81 × 10−3 2.75 × 10−3 5.79 × 10−4 9.13 × 10−3

Min 8.63 × 10−5 1.27 × 10−8 3.44 × 10−7 1.88 × 10−3 8.88 × 10−4 1.87 × 10−4 2.95 × 10−3

Mean 1.54 × 10−4 2.26 × 10−8 6.14 × 10−7 3.34 × 10−3 1.58 × 10−3 3.34 × 10−4 5.26 × 10−3

Zn Max 8.36 × 10−4 1.23 × 10−7 6.67 × 10−5 2.79 × 10−3 4.10 × 10−7 1.11 × 10−3 3.90 × 10−3

Min 3.12 × 10−4 4.59 × 10−8 2.49 × 10−5 1.04 × 10−3 1.53 × 10−7 4.15 × 10−4 1.46 × 10−3

Mean 5.54 × 10−4 8.15 × 10−8 4.42 × 10−5 1.85 × 10−3 2.72 × 10−7 7.37 × 10−4 2.59 × 10−3

Cu Max 5.35 × 10−4 7.86 × 10−8 2.13 × 10−4 1.34 × 10−2 1.96 × 10−6 1.78 × 10−2 3.11 × 10−2

Min 8.58 × 10−5 1.26 × 10−8 3.42 × 10−5 2.14 × 10−3 3.14 × 10−7 2.85 × 10−3 5.00 × 10−3

Mean 3.06 × 10−4 4.50 × 10−8 1.22 × 10−4 7.65 × 10−3 1.12 × 10−4 1.02 × 10−2 1.78 × 10−2

Ni Max 4.33 × 10−3 6.37 × 10−9 6.05 × 10−5 2.16 × 10−1 3.09 × 10−7 1.12 × 10−2 2.28 × 10−1

Min 1.53 × 10−3 2.26 × 10−9 2.14 × 10−5 7.67 × 10−2 1.10 × 10−7 3.97 × 10−3 8.07 × 10−2

Mean 3.37 × 10−3 4.95 × 10−9 4.70 × 10−5 1.68 × 10−1 2.40 × 10−7 8.70 × 10−3 1.77 × 10−1

Cr Max 2.37 × 10−4 3.49 × 10−8 3.78 × 10−5 7.90 × 10−2 1.22 × 10−3 6.30 × 10−1 7.11 × 10−1 1.46 × 10−6

Min 1.05 × 10−4 1.55 × 10−8 1.68 × 10−5 3.52 × 10−2 5.42 × 10−4 2.81 × 10−1 3.16 × 10−1 6.51 × 10−7

Mean 1.45 × 10−4 2.13 × 10−8 2.31 × 10−5 4.82 × 10−2 7.44 × 10−4 3.85 × 10−1 4.34 × 10−1 8.94 × 10−7

Cd Max 6.49 × 10−5 9.55 × 10−9 3.63 × 10−5 6.49 × 10−2 3.63 × 100 3.69 × 100 6.02 × 10−8

Min 2.55 × 10−5 3.75 × 10−9 1.42 × 10−5 2.55 × 10−2 1.42 × 100 1.45 × 100 2.36 × 10−8

Mean 4.14 × 10−5 6.09 × 10−9 2.31 × 10−5 4.14 × 10−2 2.31 × 100 2.36 × 100 3.8 × 10−8

Co Max 1.71 × 10−4 2.52 × 10−8 6.83 × 10−7 8.56 × 10−3 4.41 × 10−3 4.27 × 10−5 1.30 × 10−2 2.47 × 10−7

Min 1.16 × 10−4 1.71 × 10−8 4.65 × 10−7 5.82 × 10−3 3.00 × 10−3 2.90 × 10−5 8.85 × 10−3 1.68 × 10−7

Mean 1.45 × 10−4 2.13 × 10−8 5.77 × 10−7 7.23 × 10−3 3.73 × 10−3 3.61 × 10−5 1.10 × 10−3 2.09 × 10−7

Pb Max 3.12 × 10−5 4.59 × 10−9 7.48 × 10−7 8.92 × 10−3 1.41 × 10−6 1.42 × 10−3 1.03 × 10−2

Min 1.86 × 10−5 2.74 × 10−9 4.46 × 10−7 5.32 × 10−3 8.43 × 10−7 8.50 × 10−4 6.17 × 10−3

Mean 2.38 × 10−5 3.50 × 10−9 5.70 × 10−7 6.80 × 10−3 1.08 × 10−3 1.08 × 10−3 7.88 × 10−3

As Max 3.42 × 10−5 5.04 × 10−9 4.10 × 10−6 1.14 × 10−1 1.67 × 10−5 3.33 × 10−2 1.47 × 10−1 6.64 × 10−5

Min 1.81 × 10−5 2.66 × 10−9 2.16 × 10−6 6.03 × 10−2 8.83 × 10−6 1.76 × 10−2 7.79 × 10−2 3.51 × 10−5

Mean 2.45 × 10−5 3.61 × 10−9 2.94 × 10−6 8.18 × 10−2 1.20 × 10−5 2.39 × 10−2 1.06 × 10−1 4.76 × 10−5
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Table 7  Summary of non-cancer and cancer risks due to heavy metals in soil dust from Itakpe iron-ore mines

Heavy metal Statistic ADIing ADIinh ADIdermal HQing HQinh HQdermal HI Cancer risk

Mn Max 4.93 × 10−5 7.25 × 10−9 1.97 × 10−7 1.07 × 10−3 5.07 × 10−4 1.07 × 10−4 1.69 × 10−3

Min 2.60 × 10−5 3.83 × 10−9 1.04 × 10−7 5.66 × 10−4 2.68 × 10−4 5.64 × 10−5 8.90 × 10−4

Mean 3.81 × 10−5 5.60 × 10−9 1.52 × 10−7 8.28 × 10−4 3.92 × 10−4 8.26 × 10−5 1.30 × 10−3

Zn Max 2.36 × 10−4 3.46 × 10−8 1.88 × 10−5 5.98 × 10−4 1.15 × 10−7 3.13 × 10−4 8.37 × 10−4

Min 9.32 × 10−5 1.37 × 10−8 7.43 × 10−6 3.11 × 10−6 4.57 × 10−8 1.24 × 10−4 1.27 × 10−4

Mean 1.46 × 10−4 2.15 × 10−8 1.17 × 10−5 6.41 × 10−5 7.16 × 10−8 1.94 × 10−4 2.59 × 10−4

Cu Max 3.70 × 10−5 5.44 × 10−9 1.48 × 10−5 9.25 × 10−4 1.35 × 10−7 1.23 × 10−3 2.15 × 10−3

Min 2.85 × 10−5 4.19 × 10−9 1.14 × 10−5 7.12 × 10−4 1.04 × 10−7 9.47 × 10−4 1.66 × 10−3

Mean 3.32 × 10−5 4.88 × 10−9 1.32 × 10−5 8.30 × 10−4 1.21 × 10−7 1.10 × 10−3 1.93 × 10−3

Ni Max 1.26 × 10−3 1.85 × 10−9 1.76 × 10−5 6.30 × 10−2 9.00 × 10−8 3.26 × 10−3 6.63 × 10−2 1.56 × 10−9

Min 7.67 × 10−4 1.13 × 10−9 1.07 × 10−5 3.84 × 10−2 5.48 × 10−8 1.98 × 10−3 4.03 × 10−2 9.48 × 10−10

Mean 1.05 × 10−3 1.54 × 10−9 1.46 × 10−5 5.23 × 10−2 7.47 × 10−8 2.71 × 10−3 5.50 × 10−2 1.29 × 10−9

Cr Max 3.84 × 10−5 5.64 × 10−9 6.12 × 10−6 1.28 × 10−2 1.97 × 10−4 1.02 × 10−1 3.84 × 10−5 2.37 × 10−7

Min 1.64 × 10−5 2.42 × 10−9 2.62 × 10−6 5.48 × 10−3 8.45 × 10−5 4.37 × 10−2 1.64 × 10−5 1.02 × 10−7

Mean 2.70 × 10−5 3.97 × 10−9 4.31 × 10−6 9.00 × 10−3 1.39 × 10−4 7.18 × 10−2 2.70 × 10−5 1.67 × 10−7

Cd Max 8.22 × 10−6 1.21 × 10−9 4.59 × 10−6 8.22 × 10−3 4.59 × 10−1 4.67 × 10−1 7.61 × 10−7

Min 4.38 × 10−6 6.45 × 10−10 2.45 × 10−6 4.38 × 10−3 2.45 × 10−1 2.49 × 10−1 4.06 × 10−9

Mean 6.49 × 10−6 9.55 × 10−10 3.63 × 10−6 6.49 × 10−3 3.63 × 10−1 3.69 × 10−1 6.02 × 10−9

Co Max 5.62 × 10−5 8.26 × 10−9 2.24 × 10−7 2.81 × 10−3 1.45 × 10−3 1.40 × 10−5 4.27 × 10−3 8.09 × 10−8

Min 2.60 × 10−5 3.83 × 10−9 1.04 × 10−7 1.30 × 10−3 6.70 × 10−4 6.49 × 10−6 1.98 × 10−3 3.75 × 10−8

Mean 4.21 × 10−5 6.18 × 10−9 1.68 × 10−7 2.10 × 10−3 1.08 × 10−3 1.05 × 10−5 3.20 × 10−3 6.06 × 10−8

Pb Max 7.40 × 10−6 1.09 × 10−9 1.77 × 10−7 2.11 × 10−3 3.35 × 10−7 3.37 × 10−4 2.45 × 10−3

Min 4.38 × 10−6 6.45 × 10−10 1.05 × 10−7 1.25 × 10−3 1.98 × 10−7 2.00 × 10−4 1.45 × 10−3

Mean 5.84 × 10−6 8.58 × 10−10 1.40 × 10−7 1.67 × 10−3 2.64 × 10−7 2.66 × 10−4 1.93 × 10−3

As Max 8.22 × 10−6 1.21 × 10−9 9.84 × 10−7 2.74 × 10−2 4.02 × 10−6 8.00 × 10−3 3.54 × 10−2 1.59 × 10−5

Min 4.38 × 10−6 6.45 × 10−10 5.25 × 10−7 1.46 × 10−2 2.14 × 10−6 4.27 × 10−3 1.89 × 10−2 8.51 × 10−6

Mean 6.44 × 10−6 9.47 × 10−10 7.71 × 10−7 2.15 × 10−2 3.15 × 10−6 6.27 × 10−3 2.77 × 10−2 1.25 × 10−5

Table 8  Statistical summary 
of elemental concentrations of 
radionuclides and radiological 
parameters for rock samples

Statistics K (%) eU (ppm) eTh (ppm) Dose rate 
(nGy/h)

AEDE (µSv/y) ELCR (× 10−4)

Mean 2.9 0.8 1.2 46.0 56.5 1.98
SD 2.3 0.6 0.6 30.9 38.0 1.33
Median 2.7 0.7 1.2 40.3 49.5 1.73
Maximum 6.4 2.1 2.1 90.4 110.9 3.88
minimum 0.5 0.2 0.4 12.5 15.4 0.54

Table 9  Statistical summary 
of elemental concentrations of 
radionuclides and radiological 
parameters for soil samples

Statistics K (%) eU (ppm) eTh (ppm) Dose rate 
(nGy/h)

AEDE (µSv/y) ELCR (× 10−4)

Mean 1.3 0.7 1.7 26.0 31.9 1.12
SD 0.7 0.6 1.5 13.7 16.8 0.59
Median 1.2 0.6 1.9 22.7 27.9 0.98
Maximum 2.2 1.5 4.4 42.3 51.9 1.82
Minimum 0.2 ND ND 12.7 15.5 0.54
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metals in the study area are derived predominantly from 
the rocks through weathering and other geological and 
geographical processes. Cancer and non-cancer risks due 
to potentially toxic heavy metals were estimated for adult 
population living in the vicinity of the abandoned mines. 
Values obtained for rock and soil samples were lower 
than the acceptable limits. The risks of heavy metals are 
higher in rock than soil samples. The average elemental 
concentrations of the three radionuclides are lower than 
their respective worldwide mean values. The mean annual 
effective doses in rock and soil samples are lower than the 
world mean value of 70 µSv/y as reported in UNSCEAR 
Reports. Various levels of correlations were observed 
among the heavy metals and natural radionuclides for 
rock and soil samples. Natural radionuclides were nega-
tively correlated with most of heavy metals in rock and 

soil samples indicating that their origins and behaviors 
are different.
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