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Abstract

This study investigated the distribution, speciation, and health risks of potentially toxic elements (PTEs) in soils surrounding
the Rimin Gado granite quarry, Kano State, Nigeria, using sequential extraction and pollution assessment indices. Soil
samples collected from nine sites revealed pronounced spatial variability, with pseudo-total metal concentrations decreasing
in the order QS > ZS > DG > HM > ZD > SC > BK > KT > CR. The total fractions was obtained by adding all metals
concentrations in water soluble, exchangeable, reducible, oxidizable and residual fraction respectively. Mean concentrations
(mg/kg) at the quarry site (QS) were notably elevated for Fe (215.12), Al (228.67), Zn (225.12), Pb (30.56), Cr (87.04), Ni
(141.19), As (33.39),Co (98.7), Mn (197.83), Cu (134.78) and Cd (3.95), compared to control values Fe (82.25), Zn (64.26),
Al (174.0), Pb (5.25), Cr (36.97), Ni (87.34), As (7.4),Co (57.36), Mn (150.2), Cu (90.02) and Cd (0.015). Sequential
extraction showed that Cd (65%), Pb (52%), and Zn (48%) were predominantly associated with labile fractions (water-
soluble, exchangeable, and carbonate-bound), indicating high mobility and bioavailability, whereas Fe and Al (>85%) resided
in the residual fraction, confirming lithogenic origin. Pollution indices revealed considerable to very high contamination for
Cd (CF: 6.2-9.8) and moderate contamination for Pb and As. Geo-accumulation index (Igeo) classified Cd as moderately to
heavily polluted at quarry-proximal sites. Health risk assessment indicated that hazard index (HI) values exceeded unity for
children at QS (HI =2.31) and BK (HI = 1.76), driven primarily by As, Cd and Pb exposure. Carcinogenic risk (TCR) values for
As, and Cd ranged from 1.2x10~* to 3.8x107* at impacted sites, exceeding acceptable thresholds.
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1. Introduction

Soil serves as a major sink for heavy metals and plays a critical role in the environmental fate of these
contaminants (Jayakumar et al., 2021). Quarrying operations such as blasting, rock crushing, and
vehicular movement release dust and particulate matter into the environment, contributing to the
deposition of PTEs in nearby soils (Nieder & Benbi, 2024). In areas surrounding quarries in Akure and
Ibadan, significantly elevated levels of Fe, Pb, Zn, and Cr were recorded in surface soils up to 200 meters
from quarrying sites (Owolabi & Adesida, 2020). Spatial studies have shown that heavy metal
concentrations generally decrease with distance from the source, but elevated levels can persist beyond
300 meters depending on wind patterns, soil porosity, and the intensity of quarry operations (Zhang et
al., 2020). In Gombe, soil samples collected near limestone quarrying zones exhibited moderate
enrichment of metals such as Hg, Cd, and Zn, with implications for food safety and groundwater quality
(Gurama et al., 2020). The geochemical characteristics of soil around quarry sites not only reflect
anthropogenic input but are also influenced by bedrock mineralogy, soil pH, organic matter, and texture
(Singhal et al., 2020). For example, a study in the Oban Massif in Southeastern Nigeria noted that older
quarry zones exhibited higher contamination factors compared to newer sites due to prolonged exposure
(Ekwere et al., 2021). Soil analysis also reveals bioaccumulation potential in edible crops. Cassava
tubers grown on quarry soils in Umunneochi were found to accumulate Pb, Zn, and Cd at levels
exceeding safe dietary thresholds, indicating a clear pathway of human exposure through agriculture
(Ihejirika et al., 2021).

In addition, research in Ebonyi State and Riruwai, Northwest Nigeria, indicated that quarrying activities
significantly altered soil properties, leading to lower cation exchange capacity, acidic pH, and reduced
organic matter, which exacerbate metal mobility and toxicity (Enwere ef al., 2024). Ecotoxicological
metrics such as Contamination Factor (CF), Pollution Load Index (PLI), and Geo-accumulation Index
(Igeo) have proven effective in assessing pollution levels near quarry sites. Many Nigerian studies
applying these indices have revealed contamination ranging from moderate to high, especially for Pb,
Cr, and Ni, emphasizing the need for continuous soil monitoring (Oloruntoba et al., 2024). Although
several studies have been conducted across Nigeria, there is a lack of published research specifically
evaluating soil contamination at the Rimin Gado quarry site. Given its proximity to residential areas and
reliance on agricultural land, there is a critical need to assess the concentration, distribution, and risks
associated with PTEs in local soils. Such an investigation would contribute essential data to guide land
use, public health strategies, and environmental management in the area as the area is reported to have

prevalence of cases in the recent time.
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2. Materials and methods

2.1. Material

All chemical reagents used in this study were prepared using analytical-grade chemicals and deionized
water. All glassware ware thoroughly cleaned with detergent, rinsed with water and acetone, and dried

in an oven at 105°C (Bhuyar, 2021; El Hammari et al., 2022) .
2.2. Soil collection

To obtain representative composite samples of the disturbed area, topsoil (0-20 cm) was collected in
triplicate using an auger sampler as reported by (Kabala et al., 2021). Furthermore, Nine (9) individual
samples were collected in triplicate seven (7) from the surrounding community to capture spatial
variability in soil properties. One sample was also collected as a control at about 10 kilometres away.
All sampling procedures adhered to standard soil sampling protocols, ensuring systematic collection to
reduce cross-contamination and maintain sample integrity. Before laboratory analysis, the collected soils

were air-dried, homogenized, and sieved through a 2 mm mesh sieve.

2.3. Study Area

Rimin Gado, a local government area in Kano state, is situated approximately 20 km west of the state
capital and spans an area of 225 square kilometers between the latitude of 11.965°N and the longitude
of 8.25°E. The area was selected because of the recent cancer outbreak, which might be linked to the
anthropogenic activities of the granite quarry that affect their drinking water. Seven sampling stations

were identified in the vicinity of the quarrying sites.
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Fig 1. Map of the Area showing the sampling sites
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Table 1: The Sampling Sites

SN Name Symbol
1 Sample point 1 ZS

2 Sampling point 2 ZD

3 Sampling Point 3 HM

4 Sampling point 4 KT

5 Sampling point 5 DG

6 Sampling point 6 BK

7 Sampling point 7 SC

8 Sampling point 8 CL

9 Sampling point 9 QS

2.4. Sequential Extraction Procedure (Conca et al., 2020)

Sequential Extraction Procedure (SEP)

Step 1: Water-Soluble Fraction Step 2: Exchangeable/Acid-

Extractable Fraction

1 g Soil + 50 mL Water
Shake 16 h, Centrifuge 3000 fpm Add 40 mL 0.50 M NH,OH - HCI
Shake 16 h, Centrifuge

Collect Extract

A 4

Collect Supernatant

Step 3: Reducible Fraction (Fe/Mn Oxides)

Add H,0,, Heat at 80°C
Add 40 mL 1.0 M Ammonium Acetate

Collect Extract

Step 4: Oxidizable Fraction

Add H,0,, Heat at 80°C
Add 40 mL Ammonium Acetate

Collect Extract

Step 5: Residual Fraction

Digest with HNO; + HCIl + H,0,

Collect Extract

ICP-MS Analysis ’

Inductively Coupled Plasma Mass Spectrometry

AJCER
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2.5. Geo-accumulation Factor (Igeo)
Miiller in 1969 introduced the formula for calculating the geo-accumulation factor (Igeo) (Aung et al.,

2018).

Ige0=Log2( cn ) .............................. (1)

Where

Cn is the concentration of the metal in the soil in (mg/kg)

Bn is the concentration of the metal in the background value in (mg/kg)
Igeo < 0 indicates uncontaminated to low contamination

0 <Igeo <1 suggests moderate contamination.

1 <Igeo <2 signifies moderate to strong contamination.

2 <Igeo <3 represents strong contamination

Igeo > 3 indicates extremely high contamination.

2.6. Enrichment Factor

The enrichment factor was calculated using the following formula (Aytop et al., 2023):

_ cn/Cref
f Rn/Rref

Where

Cn = concentration of the specific element in the sample

Cr= Background or reference element

Rn = Concentration ratio of the element to a reference element in the sample

Rrer = Concentration ratio of the element to a reference element in the background of reference

sample.
2.7. Bioavailability

Metal bioavailability refers to the proportion of metals that can be absorbed by living organisms under
normal environmental conditions. In the context of sequential extraction, bioavailability is calculated as
the sum of metals in fractions that represent readily or potentially available forms in relation to the total
metal concentration (Mebane et al., 2020).

FW+FEX+FRED+FOX %
FTOTAL

Bioavailability =

Where
Fw = Water Soluble Fraction

AJCER
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Fex = Exchangeable Fraction
Fred = Reducible Fraction
Fox = Oxidizable Fraction

Fiotal = Total Fraction

2.8. Health Risk Assessment
Health risk assessment is critical for understanding and quantifying potential health risks associated with
exposure to hazardous agents or environmental conditions (Smith et al., 2023).

There are three (3) ways that humans can be exposed to potentially toxic elements (PTEs).

1. Inhalation
ii. Ingestion
1. Dermal contact

For these methods, the average daily intake, which accounts for exposure, is calculated using the
following formula:

a) Average daily intake through ingestion

CXIRingXEFXED

ADling = BWXAT

b) Average daily intake through inhalation

__ CXIRinhXEFXED

ADIinh = W .................................................... (5)

c) Average daily intake through the dermis

CXSAXSAFXABSXEFXED

ADIdarrnal = BW XAT X 10_6 ............................... (6)

Where
C = Concentration of the metal
IRinj = Ingestion rate
EF = Exposure frequency
ED = Exposure duration
BW = Body weight
AT = Average time
PET = Particle emission factor
SAF = Skin adherence factor
ABS = Absorption factor of skin
ADIotat = ADIinj + ADIinh + ADIdermal

AJCER
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2.9. Non-Cancer Risk Assessment
It’s calculated using the following equation (Smith et al., 2023):
__ADI(inh,inj,darmal)
HQ = RID e (7)

Where HQ = Hazard quotient
R¢D = Reference dose (mg/kg/day)

Hazard Index
HI=HQ(inh,inj,darmal,)..............ccccoiiiiiiiiiiiiiiiiaiannn, (8)

If HI > 107°¢, there is a probability of non-carcinogenic health. Imagine

2.10. Carcinogenic Risk Assessment
It’s calculated using the following equation (Smith et al., 2023):
CR=ADIXSF . i )
Where
SF = carcinogenic slope factor
Total Carcinogenic risk = Y1 CR = TCR........................ (10)
TCR = CRiyj + CRinh + CRdarmal

If the value of CR lies between = 1x10° to 1x10* there is no risk of cancer

2.1. Hierarchical Cluster Analysis (HCA).

Hierarchical Cluster Analysis (HCA) is a multivariate statistical method that groups samples or variables
according to their similarity (El-Araby ef al., 2023). It computes a dissimilarity matrix (e.g., Euclidean
distance) and iteratively merges similar samples using a predetermined linkage method, resulting in a

dendrograms that visually depicts sample relationships (Negri, 2023).

3. Results and discussion

3.1. Results obtained from different fractions

Antioxidant activity, total phenolics and flavonoid contents

Sequential extraction procedure was used to determine concentrations of several PTE’s in the soil

samples as shown in Table 2 to 9

AJCER
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Table 2: Mean concentrations of Mn, Cu, Ni, Co, Al, and Zn in different Fractions across

7S, 7D, and HM, Standard deviation and their Rankings using Tukey HSD PostHoc

S/N | Fractions Mn Cu Ni Co Al Zn
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
1 lzs W [29.20%42.55/23.40°43.30 | 17.3a£2.00 | 25.94°£1.91 | 55.00°43.61 | 43.20%+3.25
2 7S EX | 2064220 [19.12b+1.68|  7.18%:12 | 12.80%+1.35 | 27.32%:2.85 | 27.60°:2.69
3 7S RED  [27.20%+3.40| 24.60°:4.20|  2.24%:0.92 | 15.40::2.65 | 41.000+4.08 | 0.42:0.15
4 7s OX  [33.900+3.98| 5.7000.60 | 13.20:2.0 | 17.62a1.51 | 46.15°:4.29 | 16.82+2.28
> 7S RES |28.30%+2.26] 10.80:42.04| 15.40°02.16 | 24.78+1.95 | 63.729+4.47 | 29.80+3.39
6 17S Psed |127.2044.4|70.20°45.19|  32.62443.0 | 81.00%44.36 | 219.1°:10.05 | 100.5%:9.81
7 ZD W [34.60%:3.91]23.0042.52|  4.000.60 | 32.74+3.55 | 60.74+4.36 | 42.92:2.62
8 1zD EX  |33.6043.60|12.60°41.60|  8.12°:1.0 | 35.20043.14 | 41.40°:6.00 | 19.74+3.40
® 1ZD RED |3338%+4.4512.20°+121| 6.38°:0.61 | 27.40°+2.33 | 38.90°:4.00 | 24.84°+2.98
10 170 0x  |39.5844.89| 6.81°+0.61 | 8.34%:1.10 | 10.40°:0.95 | 40.84*:6.37 | 8.9410.92
11 17D RES  |28.60:41.80| 331°41.02 | 33.16°:2.84 | 31.00%:4.36 | 58.90°:4.39 |13.24%+1 15
127D Psed | 164.6045.4 | 44.7504.50|  86.67%44.36 | 129.20°£5.98 227.74%£12.56] 95.20°6.11
13 lgM w o 27.400320|3834°43.78 | 38.00°44.0 | 12.0042.35 | 39.50c+5.55 | 32.40%42.57
14 M EX | 26.80::3.80|36.6203.88|  6.86%1.15 | 11.20%:1.56 | 33.92%:2.65 | 24.60°:2.56
15 UM RED [32.60:2.60 |25.90%:1.17| 16.04%2.02 | 15.40°:0.76 | 14.60:1.83 | 5.30%:0.32
16 M ox  [31.82103.82|28.22040.17|  35.8042.94 | 19.0%02.65 | 24.30+2.82 | 35.74%43.59
17 |uM RES [31.78:5.78 | 16.88a+2.04] 39.0443.08 | 11.60°2.09 | 30.92%+3 98 | 38.88:+3.75
18 1M Psed [137.99°£5.21(125.02445.18] 123.70445.00 | 56.30°+7.42 | 132.96%48.03 |122.949+5 25

AJCER
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Table 3. Mean concentrations of Cd, Pb, Fe, As, and Cr in different Fractions across ZS, ZD,

and HM, Standard deviation and their Rankings using Tukey HSD PostHoc

334

S/N | Fractions

cd Pb Fe AS Cr

(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
1 lzs w 3.0000.55 | 0.0792°40.01 | 60.07°£5.56 | 25.24°:3.23 6.00°+1.00
2 7S EX | 1.26%0.05 [0.00092::0.0001| 37.14*+2.01 | 16.53"+1.96 3.73140.24
3 7S RED |0.822%40.03 ND 3822023 |12.86%+1.14 2.46%£0 47
4175 OX | 0.64+0.09 ND 30.84°£4.06 | 8.64%1.31 3.11%0.34
> |7S RES | 2.16"+0.47 | 0.0068:0.009 | 21.39::2.28 | 12.6%+1.64 15.03%+3.00
6 |75 Psed | 5.939:0.05 | 0.074%:0.011 | 171.29%3.65 | 64.24%+3 43 29.08%+1.99
7 lzDwW | 049°40.09 | 0.049°:0.001 | 41.28%3.19 |36.05°+2.65 10.59%:0.47
8 Izb Ex  [0.086%:0.006 ND 26.88:2.37 |20.06b+1.75 5.93%:0.63
% |zD RED |0.05:+0.012 ND 20.40+3.98 | 12.09%1.59 6.1121.05
10170 0x  ]0.046:£0.005 ND 1338%+1.73 | 8.05%:0.87 17.8°+0.86
11 17D RES  [0.098::0.019] 0.064£0.002 | 41.2942.54 |32.09°+1.76 25.55043 01
12 17D Psed | 0.70°40.006 | 0.1244:0.001 | 129.25%6.18 | 99.094+6.08 57.744+5 27
13 gM W | 1.24°20.186 | 0.364°:0.057 | 41.56:3.40 |22.20%+1.91 127904131
14 1gM EX | 0.89°£0.126 | 0.0164£0.0017 | 25.98%£2.01 | 14.08*:2.01 5.21%:0.81
15 |yM RED |0.46%:0.025 ND 22.14%+1.62 | 19.58%1.80 2.61%:0.36
16 lum ox | 0.41°40.036 ND 17.1642.84 | 18.53%+1.17 6.87%:0.7
17 M RES | 0.49%:0.10 | 0.08:£0.0058 | 48.32°44.76 |17.93%:2.69 26.36°:2.22
18 1HM Psed | 3.484:024 | 0.42°20.061 | 149.80%3.64 | 81.44+6.70 41.64+5.78

AJCER
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Table 4. Mean concentrations of Mn, Cu, Ni, Co, Al, and Zn in different Fractions across KT,
DG, and BK, Standard deviation and their Rankings using Tukey HSD PostHoc

S/N | Fractions
Mn Cu Ni Co Al Zn
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)

! KT W 27.80%43.80 | 22.00°+2.80 | 41.60°+2.44 |36.80°+2.23 | 42.60°+7.06 | 43.60°+3.81
2 KT EX 35.42°45.22 | 14.00°+£2.00 | 23.38%+2.40 | 11.40%+0.78 |39.50%°+5.81|35.30%°+2.97
3 KT RED | 22.40%+4.73 | 12.74*42.98 | 21.80%+2.00 |24.22°44.12 | 25.70%+2.41 | 39.54"4+4.38
4 KT OX | 28.60%+3.12 | 16.20%°4+2.20 | 33.68%+2.24 |17.40%°+0.95|39.60%°+6.38| 25.00%2.64
> KT RES | 25.36®+2.16 | 10.06*+3.02 | 35.82°+3.91 |20.60%*+1.35|32.002*+5.10| 40.60°+3.49
6 KT Psed | 127.72°44.92 | 72.00°+3.00 | 143.20%+£3.54 | 98.209+£9.44 |152.18°+8.34/170.72+9.74
7 DG W 31.38%1.82 | 30.40°:4.00 | 29.00°+4.36 | 19.80°+£4.95 | 62.60%+£2.65 | 45.68°+2.56
8 DG EX 40.56°44.36 | 25.10°1.94 | 16.68°+£2.03 | 36.74°+2.38 | 38.90°+4.45 |38.80°°+4.69
’ DG RED | 39.20°+3.60 | 12.98%°+2.48 | 13.04%+1.96 |31.80%°+3.13|26.06°+£3.46 | 28.97°+3.37
10 DG OX | 30.3244.80 | 18.02°+1.98 | 16.86°+2.74 | 19.86°+3.76 | 16.68°+1.67 | 25.64°+3.83
1 DG RES | 25.00°+2.00 7.54°£0.78 | 26.20°4+2.80 | 35.30°4+3.39 | 39.68°+6.42 | 43.56°+3.40
12 DG Psed | 159.80°:7.99 | 80.63%44.99 | 88.51°+£5.51 [132.98%+4.57|136.2°+£10.55|177.42°+£12.0
13 BK W 31.18%£2.18 | 38.84°44.00 | 43.24°+2.64 | 24.66°+2.47 | 59.60°+4.88 | 43.34°+7.36
14 BK EX | 31.00%+2.00 | 16.83%4+2.01 | 35.80°+2.05 | 14.344+2.30 | 57.60%+5.39 | 35.54"+3.57
15 BK RED | 17.80°42.46 | 12.11°42.89 | 27.40°+2.65 | 2.96°+0.78 | 64.00°£7.00 | 0.82°+0.06
16 BK OX | 27.80%+3.80 | 11.34%1.58 |28.050%3.27 | 22.30°4.00 | 50.40°+3.42 | 5.00%+£0.65
17 BK RES | 28.80%°+3.80 | 9.54%+0.82 | 33.38%°+1.95 | 25.44°+3.10 | 59.60°+8.03 | 40.60°+3.09
18 BK Psed | 119.80°+8.80 | 74.10°:6.3 | 163.80%+3.65 | 86.34+4.35 |288.00°+7.21]127.44°+6.24

AJCER
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Table 5. Mean concentrations of Mn, Cu, Ni, Co, Al, and Zn in different Fractions across KT,
DG, and BK, Standard deviation and their Rankings using Tukey HSD PostHoc

S/N Fractions
Cd Pb Fe AS Cr
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
! KT W ND 1.324°+0.079 | 48.48°+3.55 30.924£1.79  21.80%°+2.19
2 KT EX ND 1.00°40.016 | 26.18+2.46 9.32%+1.21 17.90"+1.02
3 KT RED ND 0.28%£0.078 | 28.08°+1.72 6.294°+0.95 11.34°+1.23
4 KT OX ]0.0124*+0.0029, 0.32*+0.037 | 12.08°+2.00 4.97°£1.67 20.20°+2.15
> KT RES ]0.002134°+0.01) 3.52°+0.205 | 43.54°+2.83 12.82°+1.62 27.00°43.61
6 KT Psed | 0.134°+0.01 6.40%:0.41 |145.68%+3.77 85.04°£2.56 47.60%+3.91
7 DG W 0.007°£0.001 | 3.54°+0.26 | 59.22%+1.66 16.08°£1.66  [11.04%+1.05
8 DG EX ND 2.60°+0.22 | 24.24°+1.94 12.08+1.73 7.432+0.54
’ DG RED |0.0316*+0.001 | 2.49°+0.17 | 43.66°£2.57 8.08%°+1.69 21.28+1.20
10 DG OX ND 1.50°+0.16 | 14.36*+0.95 4.09°+£0.56 14.31%°+0.67
1 DG _RES 1.66°40.006 | 3.52°+0.20 |43.69°+4.36 20.709+2.85 17.64°+1.97
12 DG Psed 1.20°+0.06 15.96°42.07 |166.32°+6.01 61.13°+8.49 60.75%+3.5
13 BK W 0.052°+0.07 | 12.80°+1.21 | 56.964+4.04 8.86°+5.22 18.72°+1.92
14 BK EX ND 3.44°+£1.05 | 36.34+3.84 0.56°+1.73 11.14%+0.38
15 BK RED ND 2.60°+0.59 | 32.3441.93 1.022+017 3.76°+0.51
16 BK O0X ND 0.19+£0.14 | 24.11+2.01 0.58°+0.03 3.53%£1.01
17 BK RES | 0.304°+0.03 | 3.88%0.006 | 41.24+1.62 12.1°40.13 15.05%°+0.75
18 BK Psed 0.36°+0.01 22.80%2.16 |179.934+3.01 22.81942.56 41.68%+6.75

AJCER
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Table 6. Mean concentrations of Mn, Cu, Ni, Co, Al, and Zn in different Fractions across SC,
CT, and QS, Standard deviation and their Rankings using Tukey HSD PostHoc

S/N | Fractions
Mn Cu Ni Co Al Zn
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)

! SC W 29.40°4+3.40 35.11°42.49 | 30.00°+4.58 | 12.80%+1.64 | 44.70°£6.03 | 60.16°+5.36
2 SC_EX 58.40°+4.40 26.73°+2.01 |20.53°42.07 | 9.00%£1.00 | 40.15°+5.36 | 45.29%+4.50
3 SC RED | 27.40°+2.00 13.30%1.12 | 13.22%1.35 | 17.00%*+£2.00 | 40.56£6.94 |52.60%°+3.87
4 SC OX | 27.60°+3.40 14.82°41.20 | 27.70°42.17 | 21.60°£2.85 | 39.10°+3.91 | 38.80°+3.97
> SC _RES 39.4°44.20 11.68°+1.96 | 39.40%42.62 | 27.08%42.22 | 55.16%44.1 |48.80%°+4.33
6 SC Psed | 161.20%+5.2 82.22943.78 | 87.34°t4.52 | 74.86°:4.00 |209.54*+11.23|232.60°+8.92
! CT W 33.00°£2.6 24.20°42.00 | 29.98°+2.93 | 11.32ab+0.71 | 11.40°£1.42 | 27.80%+3.04
8 CT EX | 36.80°+1.80 | 18.84*+2.96 |18.22°+1.67| 8.46a+0.82 6.18+0.77 | 30.60%°+1.85
? CT RED | 26.60°+1.60 | 14.62%°42.22 | 3.59%£1.21 | 14.29%1.13 | 26.603°+1.45 | 21.80°+2.08
10 CT OX | 25.00°4+2.00 11.40°£1.51 | 16.24*+£1.83 | 9.80*+1.90 8.06°+0.94 | 6.70°+1.36
1 CT RES | 28.80°42.80 | 20.96°°+1.70 [19.80°+1.12| 13.50%+0.50 | 12.02°+0.98 | 26.80°+2.68
12 CT Psed | 116.60%+5.51 | 77.58'+4.18 | 66.329£3.79 | 58.20°+5.06 | 49.44943.51 |166.58%+6.19
3 QS W 33.40°+3.74 32.78°+4.65 [34.002+2.68| 17.13%+4.53 | 48.70°+3.04 | 62.49°+2.73
14 QS _EX | 60.40°+3.22 38.44°£2.93 | 25.87°+3.05| 10.00a+2.41 | 42.15%3.40 | 46.96*+3.95
15 QS RED | 30.30°+4.16 33.40°43.03 | 14.87°+1.54 | 18.00%*+2.00 | 40.89+4.63 |52.60%°+3.87
16 QS _OX | 30.93%+3.30 16.48°+1.53 | 28.70°+1.60 | 23.10b°+1.03 | 43.77°£1.97 | 42.27%42.57
17 QS RES | 42.7343.00 13.68+£1.02 | 40.73°+3.1 | 30.47°+3.87 | 53.16%+3.10 | 50.80%+5.25
18 QS Psed |164.87°+14.60| 81.5543.13 |90.67£7.10 | 67.33949.45 1209.14°+12.20|226.60°+8.13

The abbreviations W, Ex, Red, Ox, Res, and Psed. Stands for water soluble, exchangeable,
reducible, oxidizable, residual, and pseudototal fractions of the soil samples
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Table 7: Mean concentrations of Mn, Cu, Ni, Co, Al, and Zn in different Fractions across SC,
CT, and QS, Standard deviation and their Rankings using Tukey HSD PostHoc

S/N

Fractions

cd Pb Fe AS Cr
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)

1 SC W | 027%£0.0534 | 3.7240.158 | 54.44%:2.15 | 8.12+0.85 |23.73%2.95
2 SC EX | 0.14%0.020 | 2.54%:0.300 | 39.50:43.66 | 4.06':0.13 | 6.10%:0.99
3 SC RED | 0.33%0.020 | 1.91%:0.130 | 43.683.51 | 1.52%:0.0.09 | 3.51%0.70
4 SC OX | 0.25%:0.0081 | 2.20::0341 | 38724251 | 4.06':0.96 | 7.48+0.56
5 SC RES | 226°:0.150 |16.74°£0.700 | 34.09%:2.16 | 12.09°:1.00 |39.27%:4.06
6 SC Psed | 2.62°40.070 | 16.56%:2.95 | 179.08£7.20 | 20.06%2.95 | 69.4%+10.01
7 CT W ND 1.70°0.25 | 8.58%:0.40 | 4.06°:0.95 | 7.76%:0.49
8 CT EX ND 1.40°20.176 | 4.2290.15 | 0.42%:0.04 | 3.89%:0.90
? CT RED ND 0.35%:0.027 | 4.630.58 | 0.52:0.08 | 3.05%:0.05
10 CT OX ND 0.640.08 | 4.5240.59 | 0.82%:0.03 | 7.92:1.05
1 CT RES  [0.01296%:0.010 1.20°:0.35 | 12.30°:0.68 | 1.22%:0.10 | 14.36":1.09
12 CT Psed | 1.42520+0.030| 3.74+028 | 33.24%:2.68 | 8.04%t1.20 | 19.12°44.75
13 QS W 0.536%:0.16 | 4.70%1.12 | 58.78%:1.69 | 11.32°:0.99 |28.400+2.14
14 QS EX | 0.1800.77 | 2.17:40.23 | 39.50+3.66 | 9.78%:2.22 | 6.68%1.52
15 QS RED | 0420%0.16 | 2.24%:0.62 | 44.01%3.61 | 4.95:0.88 | 4.17%1.36
16 QS OX | 0.318%0.05 | 3.04:0.31 | 3640226 | 1.85%0.51 | 7.82%1.07
17 QS RES | 2.50°:027 | 8.06"+1.43 | 27.222.56 | 3.72%+1.11 | 39.94%:3.08
18 QS Psed | 3.624095 | 17.22¢43.31 |192.41°410.68 | 22.78%+3.60 | 64.53%45.31

The abbreviations W, Ex, Red, Ox, Res, and Psed. Stands for water soluble, exchangeable,
reducible, oxidizable, residual, and pseudototal fractions of the soil samples
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The results showed that by partitioning metals into operationally defined geochemical fractions,
sequential extraction sheds light on their mobility, bioavailability, and potential ecological risk. Metals
were categorized as water soluble, exchangeable, reducible, oxidizable, and residual, with significant

spatial variation across sampling sites (ANOVA, p < 0.05).
Water-Soluble Fraction (F1)

The water-soluble fraction represents the most mobile and immediately bioavailable form of heavy
metals in soil, consisting of metals dissolved in soil pore water or weakly retained on particle surfaces.
In the present study, the water-soluble fraction exhibited pronounced spatial variation across the
sampling sites (ANOVA, P < 0.05), following the contamination levels as follows: QS > BK > HM >
KT > SC > ZS > ZD > DG > CR. The highest concentrations were recorded at the Quarry Site (QS),
with progressively lower levels observed away from the quarry, and the least concentrations at the
control site (Sirbu-Radasanu et al., 2025). Cadmium (Cd), Lead (Beno ef al.), and Arsenic (As) were the
dominant metals in this fraction at impacted sites, whereas Fe and Al were largely negligible in soluble
form. The minimal water-soluble concentrations at CR confirm that enrichment in this fraction is

predominantly anthropogenic and directly associated with quarry operations.

Geochemically, the presence of Cd and Pb in the water-soluble fraction suggests recent deposition and
poor retention within the soil matrix. Metals in this fraction are extremely sensitive to variations in soil
pH, electrical conductivity, and moisture content. The significant correlation between water-soluble Cd
and EC indicates that increased ionic strength at quarry-proximal sites improves metal solubility.
Furthermore, minor changes in soil pH influence desorption processes, allowing for greater Cd and Pb
release into the soil solution. The elevated concentrations of these metals in F1 correspond to the high
Enrichment Factor and Contamination Factor (CF) values for Cd and As, indicating anthropogenic input.
Similar findings have been reported in quarry-impacted soils, where soluble Cd and Pb fractions were
strongly associated with dust deposition and mechanical rock fragmentation processes (Serif et al.,
2022). The water-soluble fraction poses the greatest immediate ecological and human health risk because
metals in this form are easily absorbed by plants, leached into groundwater, and consumed directly
through soil contact (Nieder et al., 2018). Cd, Pb, and As have higher non-carcinogenic and carcinogenic
risk indices in this study, owing to their dominance in the water-soluble fraction. This fraction thus offers
a direct route of exposure, particularly for children who are more prone to soil ingestion. The clear spatial
gradient, significant statistical variation, and correlation with pollution indices all indicate that quarry
activities have shifted metal partitioning to highly mobile forms, exacerbating environmental

contamination and associated public health risks in Rimin Gado.
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Exchangeable Fraction (F2)

The exchangeable fraction represents metals that are weakly adsorbed on soil particle surfaces and easily
displaced by competing cations via ion-exchange processes. Although slightly less mobile than the
water-soluble fraction, it is still extremely bioavailable and environmentally sensitive. In the current
study, the exchangeable fraction exhibited significant spatial variation across sampling sites (ANOVA,
p < 0.05), following the trends QS > BK > HM > KT > SC > ZS > ZD > DG > CR (Fig). Elevated
concentrations were consistently recorded at QS and adjacent quarry-proximal sites, while the control
site showed minimal exchangeable metal levels. Cadmium (Cd) and lead were the most common metals
in this fraction, with moderate contributions from zinc (Zn), indicating significant anthropogenic
enrichment. The presence of Cd and Pb in the exchangeable fraction indicates weak electrostatic binding
and a high sensitivity to changes in soil chemistry, particularly pH and ionic strength. Exchangeable
metals are easily mobilized in response to changing environmental conditions such as rainfall infiltration
or shifts in soil acidity. The positive association observed between exchangeable metals and electrical
conductivity indicate that increased ionic concentration enhances cation competition and metal
displacement. Similar observations have been reported in quarry- and industrial-impacted soils where
Cd and Pb were enriched in exchangeable forms due to dust deposition and mechanical disturbance
(Alloway, 2013; Ogunkunle & Fatoba, 2014). The high Enrichment Factor and Contamination Factor
(CF) values recorded for Cd and Pb in this study further corroborate their anthropogenic origin and labile
nature. The metals in the exchangeable fraction pose substantial ecological and human health risk due
to their ease of mobilization into soil solution. Their presence in this fraction contributes directly to the
elevated non-carcinogenic and carcinogenic risk indices observed, particularly for Cd and Pb. The clear
spatial gradient, statistical significance, and clustering of Cd and Pb within the anthropogenic group in
hierarchical cluster analysis (HCA) confirm quarrying as the dominant source of exchangeable metal
enrichment. Thus, the exchangeable fraction serves as a critical indicator of recent contamination and

potential short-term exposure risk in the study area.
Reducible Fraction (F3)

The carbonate-bound fraction comprises metals associated with carbonate minerals and is considered a
potentially mobile pool that is highly sensitive to changes in soil pH. Metals in this fraction are relatively
stable under neutral to alkaline conditions, but they can be rapidly released in acidic environments. The
carbonate-bound fraction varied significantly across sampling sites (ANOVA, p < 0.05), with mean
concentrations decreasing in the following order: QS, BK, HM, KT, SC, ZS, ZD, DG, and CR. The

highest concentrations were found at QS and other quarry-proximal locations, while the control site
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consistently had the lowest levels. Lead, cadmium (Cd), and zinc (Zn) were the most common metals in
this fraction, indicating partial stabilization via association with carbonate phases. The enrichment of Pb
and Cd in the carbonate-bound fraction indicates a reaction with carbonate materials derived from granite
dust and weathered quarry particulates. Although this association may temporarily reduce immediate
mobility, metals in this fraction remain environmentally unstable because even slight decreases in soil
pH can trigger dissolution and remobilization (Alloway, 2013). The observed relationship between soil
pH and carbonate-bound metals lends support to this mechanism. Furthermore, the elevated Enrichment
Factor and Geo-accumulation Index (Igeo) values for Cd and Pb are consistent with their dominance in
this fraction, supporting the conclusion of strong anthropogenic input. Similar results have been reported
in industrial and quarry-impacted soils, where carbonate-bound Cd and Pb served as a significant
secondary reservoir of contamination (Kabata-Pendias & Pendias, 2011; Serif et al., 2022). The
carbonate-bound fraction is a latent risk pool that can release metals into more mobile forms in response
to environmental stressors like acidification or increased rainfall. This dynamic behaviour contributes to
long-term contamination potential and accounts for some of the elevated health risk indices associated
with Cd and Pb in the study area. The consistent spatial gradient, statistical significance, and clustering
of Pb and Cd within anthropogenic groups in HCA all support the notion that quarry operations have
increased metal accumulation in both immediately mobile and potentially mobilizable forms. Thus, the
carbonate-bound fraction serves as an important transitional reservoir between stable and bioavailable

metal pools in Rimin Gado's quarry-impacted soils.

Oxidizable Fractions (F4)

The Fe-Mn oxide bound fraction consists of metals associated with iron and manganese oxyhydroxides,
which act as effective adsorptive surfaces in soils. This fraction is considered moderately stable under
oxidising conditions, but it may become unstable in reducing environments. Metal concentrations in the
Fe-Mn oxide fraction differed significantly between sampling sites (ANOVA, p < 0.05), with QS, HM,
BK, KT, SC, ZS, ZD, DG, and CR in the order. Concentrations were highest at QS and HM, while the
control site had the lowest levels. Iron and manganese dominated this fraction, but Pb, Cd, and Zn were
also detected at impacted sites, indicating secondary adsorption onto oxide surfaces. The presence of Cd
and Pb in this fraction suggests a preference for Fe-Mn oxides, which serve as important trace metal
scavengers in soil systems. Under stable oxidizing conditions, these oxides effectively immobilize
metals through adsorption and co-precipitation. Changes in redox potential, particularly under high soil
moisture or waterlogging, can reduce Fe and Mn oxides, releasing previously bound metals into the soil
solution (Anas et al., 2026). Han et al. (2023) observed the relationship between moisture content and

certain oxide-bound metals provide support for this mechanism. Although this fraction had high Fe
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concentrations, the low enrichment factor and predominant residual presence confirm its lithogenic
origin, whereas the associated Cd and Pb indicate anthropogenic inputs consistent with quarry activities
similar results were reported by (Alloway, 2013). From an environmental risk standpoint, the Fe-Mn
oxide fraction is a conditionally stable reservoir of metals that may contribute to secondary
contamination under changing redox conditions. While less immediately mobile than the water-soluble
and exchangeable fractions, its ability to release metals during environmental disturbance emphasises
its long-term importance. The spatial gradient, statistical significance, and hierarchical cluster analysis
(HCA), which identified Fe as primarily geogenic while grouping Cd and Pb within anthropogenic
clusters, all show that quarry operations influenced not only surface adsorption processes but also deeper
geochemical partitioning mechanisms. As a result, this fraction serves as a link between relatively stable

and potentially mobile metal pools in the study area's soils.

Residual Fraction (F6)

The residual fraction is made up of metals that are structurally integrated into the soil matrix's primary
and secondary minerals, which are typically derived from parent rock material. Metals in this fraction
are considered geochemically stable and largely immobile in natural environments because they are
incorporated into crystalline lattices rather than adsorbed onto particle surfaces. As a result, the residual
fraction is widely regarded as the least bioavailable and environmentally reactive metal pool (Zhao et
al.,2020). In this study, iron (Fe) and aluminium (Al) dominated the residual fraction across all sampling
sites, with other metals contributing only minor amounts. This dominance reflects the study area's
granitic geology, which is naturally rich in aluminosilicate and iron-bearing minerals. Although total Fe
concentrations were high, their partitioning into the residual fraction, coupled with a low enrichment
factor and geo-accumulation Index (Igeo) values, confirms The origin is primarily lithogenic, rather than
anthropogenic enrichment. Hierarchical cluster analysis (HCA) supported this interpretation by
categorising Fe and Al separately from Cd, Pb, and As, which were associated with anthropogenic
fractions. Residual metal concentrations followed a less pronounced but noticeable trend: QS = BK =
HM > KT >SC>ZS >ZD > DG > CR. The slightly elevated residual concentrations at QS and adjacent
sites are most likely due to natural rock exposure and mechanical fragmentation during quarrying, rather
than contamination-induced enrichment. ANOVA revealed significant site-to-site variation (p < 0.05).
However, the ecological impact of this variation is limited as metals in the residual fraction are not easily
mobilized under current soil conditions. Environmentally, the residual fraction acts as a stable
background reservoir and provides a useful baseline for distinguishing between geogenic and

anthropogenic metal inputs (Wang ef al., 2019). The contrast between high residual Fe-Al dominance
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and elevated labile fractions of Cd and Pb supports the conclusion that quarry activities changed metal
partitioning rather than simply increasing total metal content. As a result, while the residual fraction
itself poses little immediate ecological or human health risk, comparing it to more mobile fractions is

critical for accurate source allocation and risk interpretation in the study area.
Pseudo total Metal Concentration

The pseudo-total metal concentrations obtained using aqua regia digestion give a complete estimate of
the overall metal load in soils near the Rimin Gado quarry sites, representing both lithogenic and
anthropogenic inputs. The results reveals pronounced spatial variability, with concentrations following
a clear decreasing trend of QS > ZS > DG > HM > ZD > SC > BK > KT > CR, indicating a strong
pollution gradient from the quarry source outward. The elevated levels at the quarry site (QS) are directly
linked to intensive activities such as blasting, crushing, and dust generation, which enhance the release
and dispersion of metal-bearing particulates into the surrounding environment (Alloway, 2013;
Ogunkunle & Fatoba, 2014). In contrast, the relatively low concentrations at the control site (CR)
confirm background levels and validate the significant contribution of quarrying activities to metal
enrichment in the impacted zones (Li et al., 2004; Naim et al., 2023). These findings are consistent with
recent studies employing sequential extraction techniques, which show that mining-impacted soils
typically exhibit elevated total metal concentrations accompanied by redistribution into more reactive
geochemical fractions due to anthropogenic disturbances (Salman et al., 2020; Serif et al., 2022).

The dominance of major elements such as iron (Fe) and aluminium (Al) across all sampling sites reflects
the geochemical composition of the granitic parent material, indicating a predominantly lithogenic origin
(Kabata-Pendias & Pendias, 2011; Alloway, 2013). These metals are naturally abundant and largely
associated with stable residual fractions, suggesting limited mobility and minimal ecological risk.
Conversely, trace metals including cobalt (Co), manganese (Mn), zinc (Zn), and copper (Cu) exhibit
moderate concentrations and spatial variability, pointing to a combination of natural weathering and
anthropogenic contributions from quarry operations and machinery emissions (Oyekunle et al., 2011;
Ogunkunle & Fatoba, 2014). More importantly, toxic elements such as nickel (Ni), chromium (Cr),
arsenic (As), lead and cadmium (Cd), even at relatively lower concentrations, are of significant concern
due to their persistence and toxicity (Singh et al., 2010; Salman et al., 2020). Sequential extraction
studies further reveal that metals such as Cd, Zn, and Cu are predominantly associated with exchangeable
and reducible fractions, indicating high mobility and bioavailability, whereas Pb, Cr, and Ni tend to be
associated with oxidizable and residual fractions, reflecting relatively lower mobility but long-term
environmental persistence (Serif et al.,, 2022; Naim et al., 2023). This speciation pattern corroborates

the present findings, where anthropogenic metals show greater environmental relevance despite lower
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pseudo-total concentrations. The environmental implications of these findings are considerable, as
elevated pseudo-total metal concentrations indicate long-term accumulation in soils, which can
adversely affect soil quality, agricultural productivity, and ecosystem health (Alloway, 2013; Salman et
al., 2020). The consistency between these concentrations and pollution indices such as contamination
factor (CF), enrichment factor (EF), and geo-accumulation index (Igeo) confirms that the study area is
moderately to severely polluted (Hakanson, 1980; Serif et al., 2022). Furthermore, the linkage with
sequential extraction results demonstrates that a significant proportion of metals, particularly Cd, Pb,
and Zn, resides in more bioavailable fractions, increasing the risk of plant uptake and transfer through
the food chain (Singh et al, 2010; Salman et al., 2020). Soil properties such as pH, organic matter
content, and cation exchange capacity also play critical roles in controlling metal partitioning and
mobility, thereby influencing their environmental behavior across sampling sites (Oyekunle et al., 2011;
Naim et al., 2023). Overall, the observed spatial distribution patterns, supported by statistical analyses,
clearly identify granite quarrying as the dominant source of metal contamination, while sequential
extraction evidence further confirms enhanced mobility and bioavailability of key toxic metals,
underscoring the need for effective environmental monitoring and remediation strategies (Ogunkunle &

Fatoba, 2014; Serif et al., 2022)

Health Risk Assessment of Heavy Metals in the Soil Samples

The health risk assessment of heavy metals in the soil across the sampling sites in Rimin Gado reveals
a clear spatial gradient that is heavily influenced by proximity to quarry operations. By combining non-
carcinogenic and carcinogenic risk results for both environmental media, the assessment provides a more
complete, recognized cumulative exposure and public health implications. Health risk assessment
remains a globally recognized approach for translating environmental contamination into measurable
human health outcomes, particularly in regions where untreated surface water and direct soil contact
constitute common exposure pathways (Mohammed et al., 2024). Non-carcinogenic risk, assessed
through the Hazard Quotient (HQ) and cumulative Hazard Index demonstrated consistent disparities
among sampling locations in both water and soil. The highest cumulative HI values in water were found
at SC, then ZS and KT, and finally DG and BK, which had the lowest values. The spatial pattern (SC >
ZS > KT >ZD > HM > BK > DG) shows how quarry runoff and direct discharge pathways affect each
other. At SC and ZS, HI values surpassed the acceptable limit (HI > 1), especially among children,
suggesting possible detrimental health effects with extended exposure. In soil, a similar pattern was seen,
with QS having the highest HI values, followed by BK and HM, and CR and DG having the lowest risk
levels. The soil risk ranking (QS > BK > HM > KT > SC > ZS > ZD > DG > CR) shows that quarry dust

deposition and metal surface accumulation close by have a big effect. Cadmium (Cd) and lead were the
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primary contributors to non-carcinogenic risk in both environmental media. Cd consistently had elevated
HQ values due to its high toxicity coefficient and mobility in bioavailable fractions, especially in quarry-
proximal soils. Pb also contributed significantly to cumulative HI, particularly among children,
demonstrating its well-documented neurotoxic effects. In contrast, despite measurable concentrations,
Fe, Al, and Mn contributed minimally to overall HI due to their lower toxicity weighting and dominance
in residual geochemical fractions. The consistently elevated risk values noted for children relative to
adults at all sampling locations further emphasize their increased physiological vulnerability and
elevated exposure rates per unit body weight (Ferguson et al., 2017). Carcinogenic risk assessment
revealed an increased spatial differentiation among sampling sites. When it came to water, the highest
carcinogenic risk values were at SC, then ZS and KT, and they got lower and lower until they reached
DG and BK. CR values were higher than the acceptable lifetime risk threshold (10°-107*) at several
sites, which shows that drinking contaminated surface water poses a high long-term risk of cancer.
Arsenic (As) was the main cause of cancer in water, followed by Cd and chromium (Sirbu-Radasanu et
al. , 2025). Even at sites with lower risks, carcinogenic values were still above negligible levels, which
suggests that contamination was widespread. In soil, the risk of cancer followed the pattern QS > BK >
HM > KT > SC > ZS > ZD > DG > CR, which again shows that proximity is very important. QS, the
site closest to quarry activity, had the highest Total Carcinogenic Risk (TCR) because it had high levels
of As and Cd that were available to living things. Soil carcinogenic risks were generally lower than those
in water; however, sites near quarries approached or slightly exceeded acceptable limits, especially for
children. This shows that soil can hold long-term carcinogenic risk because it can be accidentally
ingested and then transferred to crops or groundwater systems. The assessment shows that quarry
activities have greatly increased both non-carcinogenic and carcinogenic health risks in the study area.

The risk level goes down as one move farther away from the quarry operations.

The Soil Geo-accumulation Index (Igeo)

By comparing the measured total metal concentrations to background values and adding a correction
factor for lithogenic variability, the Geo-accumulation Index (Igeo) was used to calculate the degree of
soil pollution. The overall pollution gradient followed QS > BK > HM > KT > SC > ZS > ZD > DG >
CR, according to the results, which showed significant spatial variation across the sampling sites. Cd
had the highest Igeo values among the eleven metals, especially at QS and BK, where the soils were
moderately to heavily contaminate. Ni, Co, and Cr were typically classified as unpolluted to moderately
polluted, whereas Pb and As recorded moderate pollution categories at quarry-proximal sites. Depending

on the distance from quarry activity, zinc pollution ranged from mild to moderate. Fe, Al, and Mn, on
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the other hand, mostly showed negative or almost zero Igeo values at all sites, indicating their dominance
from natural geological sources. Strong anthropogenic enrichment is suggested by the elevated Igeo
values for Cd, Pb, and As close to QS, which are probably related to mechanical rock processing and
quarry dust emissions. Because they move around a lot and tend to build up on surfaces, Cd and Pb are
always at the top of Igeo classifications in soils affected by mining and quarrying. The decreasing Igeo

values away from QS further support atmospheric deposition as a primary dispersal mechanism.

Soil Contamination Factor (CF)

The Contamination Factor (CF) calculated provides more help in understanding how much metal was in
excess compared to baseline levels. CF values exhibited statistically significant variations among sites
(ANOVA, p < 0.05), corroborating the impact of quarry proximity on contamination intensity. Cd had
the highest CF values at all the affected sites, and it often fell into the 'considerable to very high
contamination' range. Pb and As were moderately contaminated at QS and BK, while Ni, Co, and Cr
were generally only slightly to moderately contaminated. Zn levels were moderately high near the
quarry, but they dropped to normal levels at sites that were farther away. Fe, Al, and Mn consistently
exhibited CF values near unity, substantiating their primarily lithogenic provenance. The CF-based
contamination ranked as follows: Cd > Pb > As > Ni > Co >Cr > Zn > Mn > Fe > Al. This ranking is in
line with global studies that show that Cd and Pb are the main pollutants in quarries and mines because
they come from people and are not very common in nature (Ogunkunle & Fatoba, 2014; Tchounwou e?

al., 2012).
Soil Enrichment Factor

The enrichment factor (Alloway & control) results demonstrate pronounced spatial heterogeneity and
element-specific variability in trace metal enrichment across the study area. Elevated EF values were
predominantly recorded at the quarry site (QS) and the proximal location (BK, SC, HM, ZS and KT),
where several elements exceeded the threshold for moderate enrichment (EF > 50). In contrast, the
control site (Chatti & Majeed) consistently exhibited EF values approximating unity, indicative of
baseline geochemical conditions. This spatial differentiation provides strong evidence of localized
anthropogenic inputs associated with quarrying activities. Pb exhibited minor to extreme enrichment (EF
<1 to > 50) especially in QS, reflecting substantial anthropogenic contributions. These elevated values
are likely attributable to particulate emissions generated during blasting, crushing, and combustion of
diesel engine, followed by atmospheric transport and subsequent deposition onto surrounding soils. In
comparison, Ni, Co, and Cr displayed minor, moderate to extreme enrichment (EF 1 > 50), suggesting a

dual control by lithogenic background and anthropogenic inputs. Zn showed only slight enrichment (EF
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<25), indicating relatively limited sensitivity to quarry-derived emissions. Conversely, Fe, Al
consistently yielded EF values within the range of approximately (0.0005—1) across the study area,
confirming their predominantly geogenic origin. The near-unity EF values for these elements support
their conservative behavior and validate their suitability as reference elements in EF normalization. This
contrast between enriched and non-enriched elements underscores the selective mobilization and
accumulation of trace metals under quarry-induced environmental conditions. The relative degree of
anthropogenic enrichment followed the order: Cd (>6) > Pb (2-5) > As (2-4) > Ni > Co (1-3) > Cr (1-
2.5)>7Zn (1-2) > Mn > Fe > Al. The markedly elevated EF values for Cd indicate very high enrichment,
suggesting strong anthropogenic loading and high environmental mobility. Pb and As also show
considerable enrichment, consistent with their known affinity for fine particulate matter and their
tendency to accumulate in surface soils through atmospheric deposition processes. A distinct spatial
attenuation pattern was observed, with EF values decreasing progressively from QS toward CR. This
gradient reflects the dispersal dynamics of quarry-derived particulates and is characteristic of point-
source contamination, where concentration levels diminish with increasing distance from the emission
source. Such a pattern reinforces the inference that the quarry represents the dominant source of trace
metal enrichment within the study area. These findings are consistent with established literature. Bhanot
et al. (2025) documented EF values exceeding 2—5 for Cd, Pb, and As in soils impacted by mining and
industrial activities, attributing these enrichments to atmospheric deposition of contaminated
particulates. Similarly, Pandey et al. (2022) reported elevated EF values for Pb and Cd (EF > 3) in soils
surrounding quarry operations in northern Nigeria, linking these to mechanical and explosive processes.
Luo et al. (2024) also observed significant enrichment (EF > 4) of Cd, Pb, and As in mining-impacted
soils, with a clear decline in EF values with increasing distance from the source. Furthermore, Bonnah
et al. (2026) confirmed that Fe and Al typically exhibit EF values close to unity, reinforcing their

classification as conservative lithogenic elements.

Bioavailability of the Metals in the Soil Samples

The proportion of metals in non-residual fractions compared to the total concentration was used to figure
out bioavailability. The results showed that the bioavailable metal fractions were highest at QS and BK
and got lower as they got closer to CR, which is similar to what was seen in pollution indices. Cd had
the highest bioavailability percentage of all the metals. This is because it was the most common metal
in water-soluble, exchangeable, and carbonate-bound fractions. Pb and As had a moderate amount of
bioavailability, especially at sites close to the quarry. Ni, Co, and Cr showed moderate bioavailability
that changed based on the physicochemical conditions of the soil, especially pH and redox potential. Zn

had moderate mobility, but Mn's mobility was conditional on redox-sensitive Fe—Mn oxide fractions. Fe
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and Al, on the other hand, were mostly linked to the residual fraction, which meant that even though the

total concentrations were high, they weren't very bioavailable. This difference shows how important

chemical partitioning is for understanding environmental risk. High total concentration does not

inherently signify elevated ecological risk unless metals are present in bioavailable forms (Mebane et

al., 2020). The bioavailability ranking went like this: Cd > Pb > As > Ni > Co > Cr > Zn > Mn > Fe >

Al This pattern is in line with the health risk assessment results, which showed that Cd and Pb were the

primary contributors to non-carcinogenic risk (HQ and HI) and As was the biggest contributor to

carcinogenic risk (Sirbu-Radasanu et al. , 2025). Similar studies in quarry-affected soils have indicated

significant correlations between labile metal fractions and heightened health risk indices (Raj &

Alexander, 2025).

Table 6. Hierarchical cluster Analysis Results for Metals ions Across the Sampling Sites

Number of Cluster Composition
Metal Clusters (Sampling Sites) Source-Specific Interpretation
(ZS, ZD, HM) Mainly controlled by natural soil
Manganese (KT, DG, BK) processes
(Mn) 3 (SC, CL, QS) With minimal human influence.
Dominantly influenced by
Copper (ZS, ZD, KT, DG) anthropogenic activities
(Cu) 2 (HM, BK, SC, CL, QS) Such as quarrying and agriculture.
(ZS, HM, DG) Largely derived from natural soil
Cobalt (ZD, KT, BK) minerals
(Co) 3 (SC, CL, QS) And parent material.
Entirely from natural lithogenic
Aluminium (ZS, ZD, HM, KT, DG) sources
(Al 2 (BK, SC, CL, QS) Within the soil matrix.
(ZS, ZD) Shows mixed origin from both natural
(HM, KT, DG, BK) soil components,
Zinc (Zn) 3 (SC, CL, QS) And human activities.
(ZS, ZD, HM, KT) Naturally controlled by soil formation
Iron (Fe) 2 (DG, BK, SC, CL, QS) And iron oxide content.
Primarily from anthropogenic sources
(ZS, ZD, HM, KT) Such as quarry dust and vehicle
Lead (Pb) 2 (DG, BK, SC, CL, QS) emissions.
(ZS, KT, SC)
Arsenic (2D, DG, CL) Mainly geogenic with localized
(As) 3 (HM, BK, QS) anthropogenic influence.
Chromium (ZS, ZD, HM, KT, DG) Predominantly derived from natural
(Cr) 2 (BK, SC, CL, QS) parent material.
(ZS, HM, DG, SC, QS) Controlled mainly by natural
Nickel (Ni) 2 (ZD, KT, BK, CL) mineralogical composition.
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Conclusion

This study demonstrated that soils surrounding the Rimin Gado granite quarry are significantly impacted
by potentially toxic elements (PTEs), with clear spatial variability controlled by proximity to quarry
operations. Pseudo-total metal concentrations revealed elevated levels at the quarry site, decreasing
progressively toward the control site, confirming quarrying as the primary source of contamination.
Sequential extraction showed that Cd, Pb, and Zn are predominantly associated with labile fractions,
indicating high mobility and bioavailability, while Fe and Al are mainly confined to the residual fraction,

reflecting their lithogenic origin.

Pollution indices (CF, EF, and Igeo) consistently identified Cd as the most critical contaminant, followed
by Pb and As, with evidence of moderate to very high contamination at impacted sites. Health risk
assessment further revealed that non-carcinogenic risks (HI > 1) are significant, particularly for children,
while carcinogenic risks for As and Cd exceed acceptable limits. The high bioavailability of these metals

enhances their environmental and health significance.
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