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Abstract
This study presents a multi-year (2022–2024) investigation into the soil physicochemical properties and contamination by major and trace metals around a cement plant in Karbi Anglong, Assam, India. Soil samples collected from four directional zones during 2022–2024 were analyzed for pH, electrical conductivity (EC), organic carbon (OC), major elements (Mg, Ca, Na, K, P), and trace metals (As, Cr, Cu, Pb), and the data were assessed using statistical techniques, and contamination indices. The results indicated that soils exhibited neutral to moderately alkaline conditions (pH 7.24–8.39), with low to moderate EC and OC levels falling within the optimal range for agricultural use, suggesting generally favourable physicochemical conditions. Statistical analyses, including Pearson correlation and Principal Component Analysis (PCA), revealed strong associations among several trace metals (Cr, Cu, Pb), indicating a common anthropogenic origin linked to cement plant emissions.  One-way ANOVA showed statistically significant spatio-temporal variations, primarily for EC and As. the Contamination Factor (CF) pointed to low to moderate contamination for arsenic and chromium, and low contamination for copper and lead. The Pollution Load Index (PLI) remained below unity across all sites and years, signifying overall unpolluted baseline conditions. In conclusion, while the soils in the study area are largely suitable for agriculture, the localized enrichment of As and Cr highlights the need for continuous monitoring. These findings provide critical baseline data to mitigate potential long-term environmental and human health risks associated with cement industry emissions in the region.
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1. Introduction
The rapid expansion of the cement industry has intensified concerns regarding its environmental footprint, particularly because of the continuous release of particulate matter and associated contaminants into surrounding ecosystems (Blois & Lay-Ekuakille, 2021). Cement plants are known to emit large volumes of pollutants, and variations in production capacity, fuel type, and dust-control technologies further influence the quantity and composition of the released contaminants (Adeyanju & Okeke, 2019). Among industrial activities, the cement industry is recognized as a major contributor to environmental pollution through the emission of heavy metals (Amiri et al., 2022; Amah et al., 2020) and is listed by the United States Central Pollution Control Board as one of the 17 most polluting industries. In addition, the cement industry contributes significantly to environmental degradation through dust emissions, greenhouse gases, and the release of toxic substances such as heavy metals and particulate matter, adversely affecting air, water, and soil quality and posing serious health risks to nearby populations (Bărbulescu & Hosen, 2025). 
Once deposited, cement dust interacts directly with soil systems, altering their physicochemical characteristics. Soils play a crucial role in ecological systems due to their capacity to retain and/or transport toxic elements within the hydrogeochemical environment, originating from both natural processes and anthropogenic activities (Azubuike et al., 2014). Soils in close proximity to cement factories often exhibit elevated concentrations of exchangeable base cations such as Ca, Mg, K, and Na, with particularly high calcium levels attributed to the calcareous nature of cement dust, resulting in increased soil base saturation (Odoh et al., 2014). This is largely due to the complex chemical composition of cement dust, which contains CaO, SiO2, Al2O3, Fe2O3, SO3, MgO, K2O, and SiO3. These constituents promote soil alkalization, disrupt nutrient balance, modify plant metabolic processes, and ultimately reduce biological productivity (Okoro et al., 2017). The extent to which heavy metals are retained or mobilized in such soils is further governed by intrinsic soil properties, including pH, texture, carbonate content, organic matter, cation exchange capacity, clay mineralogy, and the presence of Al and Fe oxides and silicon (Kabata-Pendias, 2011). 
In addition to altering soil chemistry, cement-derived emissions introduce heavy metals that persist in the environment due to their non-biodegradable nature, leading to long-term ecological degradation and health concerns even after mitigation efforts. Cement factories have therefore been widely reported as significant point sources of heavy metals, with elevated concentrations commonly observed in soils surrounding production facilities (Kolo et al., 2018; Ogunkunle & Fatoba, 2014). These metals can be readily absorbed by plants, enter the food chain, and pose serious risks to human health (Egbe et al., 2019). Heavy deposition of cement dust on roads and parked vehicles, along with deteriorated air quality, often causes public distress near the plant. However, residents are frequently unaware of the associated health and environmental risks and remain continuously exposed to multiple pollutants with limited understanding of their impacts (Adeyanju & Okeke, 2019). Consequently, systematic monitoring of heavy metal concentrations in soils, plants, water, and sediments is essential for evaluating contamination levels and guiding effective environmental management strategies (Rajendiran et al., 2025). Recent advances have highlighted the potential of solidification and stabilization (S/S) technologies using industrial solid wastes as cement-based materials to immobilize heavy metals such as As and Pb, offering a promising pathway for mitigating contamination while supporting sustainable resource utilization (Li et al., 2025).
An association has been reported between exposure to cement dust and increased risks of cancer, mortality, as well as respiratory and cardiovascular diseases. The potential health effects in humans include endocrine disruption and carcinogenicity (Zhao et al., 2018). Of the 21 reported health conditions, nearly 20 may be linked to cement dust exposure, including respiratory disorders (allergic reactions affecting breathing, cough, wheezing, asthma, bronchitis, emphysema, pneumonia, and lung cancer), cardiovascular symptoms (chest pain, irregular heartbeat, hypertension, and limb swelling), and other effects such as eye and skin irritation, fatigue, anxiety, and musculoskeletal discomfort. Most residents primarily reported breathing-related allergic reactions, followed by cough, wheezing, chest pain, bronchitis, and rare cases (~1%) of lung cancer in the cement-affected Khrew area (Mehraj et al., 2013).
Despite the extensive global literature on cement-related pollution, most existing studies are limited to short-term and primarily focus on either trace metals or selected physicochemical parameters. In northeast India, particularly Karbi Anglong, Assam, long-term, integrated investigations examining the combined behaviour of major nutrients, trace metals, and soil physicochemical attributes in cement-impacted environments remain scarce. Although an earlier investigation in the nearby Bokajan region employed XRF-based techniques to evaluate topsoil heavy metal contamination and associated ecological risks with emphasis on seasonal and spatial variability (Brahma et al., 2025), comprehensive multi-year assessments capturing interannual variability and cumulative deposition effects are largely absent. This limitation constrains the understanding of persistent contamination dynamics and soil quality degradation in the region. Addressing this gap, the present study conducts a comprehensive multi-year assessment of soil physicochemical properties, major nutrients (Ca, Mg, Na, K, and P), and trace metals in the vicinity of a cement plant in Karbi Anglong district, Assam, using X-ray fluorescence (XRF) analysis coupled with robust statistical tools. Specifically, the objectives were to (i) evaluate spatio-temporal variations in soil properties and metal concentrations, (ii) identify potential enrichment and accumulation trends associated with cement industry emissions, and (iii) assess the implications of prolonged cement dust exposure on soil quality and environmental sustainability. The findings of this study are expected to provide critical baseline data for long-term environmental monitoring and support evidence-based mitigation and land-use management strategies.
2. Materials and methods 
2.1.  Study area:  The Bokajan Cement Factory, operated by the Cement
Corporation of India, is situated in the East Karbi Anglong district of Assam, India, at approximately 26.02° N latitude and 93.77° E longitude. To evaluate the influence of cement-related emissions on surrounding soils, a total of twelve soil samples were systematically collected for three years from the vicinity of the factory. Sampling was conducted along the four diagonal directions—northeast (NE), southeast (SE), northwest (NW), and southwest (SW); one composite soil sample was collected from each direction at an approximate radial distance of 1 km from the factory. A schematic representation of the study area and the distribution of sampling sites are presented in Figure 1.
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Figure 1: Study area and sampling points around the cement factory 
Each bulk soil sample, weighing approximately 4 kg, was air-dried under ambient conditions for 2–3 days until a constant weight was achieved. From each bulk sample, subsamples of approximately 1 kg were obtained using the quartering method (Adeyanju & Okeke, 2019). The soil was thoroughly homogenized prior to each quartering step, and the procedure was repeated several times on a clean and smooth surface. The homogenized samples were then sieved through a 2-mm mesh to remove gravel, plant residues, and other extraneous materials (Al-Khashman & Shawabkeh, 2006; Manta et al., 2002). The processed soil samples were subsequently stored in clean, labeled polyethylene containers for further laboratory analysis.
Bokajan has a humid subtropical climate. During the pre-monsoon period, mean temperatures typically range from 28oC to 33oC, whereas in the post-monsoon season, temperatures decrease to about 10oC–15oC. The area receives high annual rainfall, estimated at 2000–2500 mm, with maximum precipitation occurring in July and August, when the monthly rainfall averages approximately 350–400 mm. The Relative humidity remains persistently high throughout the year, fluctuating between 75% and 90%. The prevailing wind directions are predominantly southerly for nearly 8.5 months (January–September) and shift to easterly winds for about 3.5 months (September–January) (weatherspark.com, 2025).
2.2.  Soil Texture: Soil texture was analysed following the Bouyoucos hydrometer
Method (Singh et al., 2013) using an ASTM 152H soil hydrometer. Initially, 50 g of oven-dried soil was sieved through a 2 mm mesh. To eliminate organic matter, the sieved soil was treated with 50 mL of 6% hydrogen peroxide, prepared from a 35% (w/w) hydrogen peroxide stock solution (Loba Chemie Pvt. Ltd., Mumbai, India). The suspension was gently heated to expel residual peroxide and then allowed to cool to room temperature. Subsequently, 100 mL of a 5% sodium hexametaphosphate solution, prepared from a 68% extra-pure stock (Loba Chemie Pvt. Ltd., Mumbai, India), was added to act as a dispersing agent. The mixture was agitated for 10 minutes using an electric stirrer and quantitatively transferred to a 1 L graduated cylinder. Hydrometer measurements were taken at 4 minutes and after 2 hours, enabling the determination of sand, silt, and clay proportions in the soil samples.
2.3.  Soil pH and electrical conductivity (EC): Soil pH was determined using
a Systronics MK VI digital pH meter after calibration with standard buffer solutions of pH 4.0 and 9.2, following the method outlined by Singh et al. (2013). For this analysis, a soil–water suspension was prepared in a 1:5 ratio and continuously stirred for 30 minutes before pH measurement. Electrical conductivity (EC) was measured using the same suspension with a Systronics Type 304 conductivity meter. The conductivity meter was standardized using a 0.01 M potassium chloride solution (KCl ≥ 99%, Merck Specialities Pvt. Ltd., Mumbai, India), in accordance with the procedure described by Singh et al. (2013).
2.4.  Soil organic carbon (SOC): Soil organic matter, serving as an indicator of carbon
stored in organic constituents, was evaluated to assess overall soil quality. Soil organic carbon (SOC) was quantified using the Walkley–Black wet oxidation method (Singh et al., 2013). For this purpose, approximately 1 g of soil passed through a 0.2 mm sieve was transferred to a 500 mL conical flask. To the sample, 10 mL of 1 N potassium dichromate solution (K2Cr2O7, ≥99.9%) and 20 mL of concentrated sulphuric acid (H2SO4, AR grade) were carefully added. The contents were gently swirled and kept on an asbestos sheet for 30 minutes to allow oxidation to proceed. After the reaction mixture cooled, 200 mL of distilled water was added, followed by 10 mL of orthophosphoric acid (85%, Sisco Research Laboratories Pvt. Ltd., Maharashtra, India) and 1 mL of diphenylamine indicator (≥98%, Merck Specialities Pvt. Ltd., Mumbai, India). The resulting solution was titrated against 0.5 N ferrous ammonium sulphate (≥99%, Titan Biotech Ltd., Bhiwadi, Rajasthan, India) until the colour changed to green. The SOC content was subsequently calculated using Equation (I).
Organic carbon (%) in soil =     ……… (I)
Where B and S stand for the titre values (mL) of blank and sample respectively.
2.5.  Estimation of Trace Metals by X-ray Fluorescence Spectrometry (XRF): X-ray
Fluorescence spectrometry (XRF), a rapid and non-destructive analytical technique, was employed to quantify the concentrations of major and trace elements in the soil samples. Analyses were carried out using a Zetium XRF spectrometer (Model DY 2942, Malvern PANalytical), fitted with a Rhodium (Rh) X-ray tube, Lif200/Lif220/GE/PE/PX1 analysing crystals, and multiple detectors, and operated through SuperQ software. Instrument calibration and analytical reliability were ensured by analysing certified reference materials, including silicate rocks and cement standards. Elemental quantification was performed using the Omnian, WROXI, and ProTrace software modules.
Soil samples were finely ground to <200 mesh and analysed in the form of pressed pellets and fusion beads. Approximately 10 g of sample was used for the determination of major oxides, while about 30 g was used for trace element analysis. The detection limit for trace metals was approximately 3 ppm.
2.6.  Quality Control and Data Application: Quality assurance and control procedures
included the regular analysis of certified reference materials, duplicate samples, and procedural blanks to maintain analytical precision and accuracy. Instrument performance was routinely monitored, and any deviations exceeding ±5% were corrected to ensure data reliability. 
2.7.  Statistical analyses:  Statistical analyses were carried out to examine the
interrelationships among soil physicochemical properties, major nutrients and trace element concentrations. Pearson correlation analysis was applied using IBM SPSS Statistics (version 26.0) to evaluate the degree and direction of associations between variables. Positive correlation coefficients indicate common sources or similar geochemical behaviour of elements, whereas negative correlations reflect dissimilar sources or contrasting chemical characteristics (Ezech et al., 2015). Principal component analysis (PCA) was employed to extract dominant components and to elucidate the possible sources and distribution patterns of major and trace elements across the sampling locations.
Furthermore, one-way analysis of variance (ANOVA) was used to determine whether variations in major and trace element concentrations were statistically significant with respect to directional factors. When significant differences were observed, post-hoc multiple comparisons were performed using Tukey’s honestly significant difference (HSD) test to identify specific group variations. Statistical significance was evaluated at a confidence level of p < 0.05.
2.8.  Contamination Factor (CF): The CF is commonly used to indicate the
contamination level of a specific element (Rahmanian & Safari, 2022). It indicates the pollution load of the soil related to major and trace elements (Manoj et al., 2012). CF can be calculated using equation II
CF =  ……..……….(II)
The background values used for CF calculations were adopted from world surface rocks, as local baseline data for the study area were unavailable (Martin & Meybeck, 1979). According to Hakanson, CF values can be classified into four categories to determine the extent of potentially toxic element contamination in soils (Hakanson, 1980). CF values < 1 indicate low contamination, suggesting minimal anthropogenic influence and concentrations close to natural background levels. CF values ranging from 1 to 3 represent moderate contamination, reflecting slight enrichment that may be attributed to human activities such as industrial emissions. A CF range of 3 to 6 denotes considerable contamination, indicating significant accumulation of metals and a stronger anthropogenic impact on soil quality. CF values ≥ 6 are categorized as very high contamination, implying severe enrichment and posing potential environmental and ecological risks. This classification provides a clear framework for interpreting contamination severity and identifying priority pollutants in cement-affected soils.
2.9.  Pollution Load Index (PLI): PLI provides an assessment of the overall toxicity
status of each sampling site. The PLI for each site was calculated by using equation (III).
PLI =  ……………..(III)
Where, n represents the number of elements under study and CF is the contamination factor for each element (Tomlinson et al., 1980). PLI values > 1 indicate polluted conditions, while values < 1 indicate non-polluted conditions.
3. Results:
Table 1: Year-wise variation in physicochemical properties and concentrations (ppm) of major elements (Mg, Ca, Na, K, P) and trace metals (As, Cr, Cu, Pb) in soils from different directional zones of the study area (2022–2024).
	Year
	Directions
	pH
	EC
(mScm-1)
	OC (%)
	Mg
	Ca
	Na
	K
	P
	As
	Cr
	Cu
	Pb

	2022
	NE
	7.46
	1.2
	0.71
	0.41
	0.98
	0.24
	1.03
	0.1
	11
	60
	12
	14

	
	SE
	7.9
	1.51
	1.13
	0.43
	0.31
	2.6
	1.22
	0.14
	9
	83
	12
	14

	
	NW
	8.39
	0.93
	0.95
	0.45
	8.05
	0.16
	0.77
	0.25
	11
	54
	7
	9

	
	SW
	8.2
	1.24
	1.82
	0.58
	3.01
	0.46
	1.39
	0.24
	9
	70
	11
	15

	2023
	NE
	7.83
	1.32
	2.29
	0.6
	4.18
	0.35
	1.20
	0.28
	6
	52
	11
	14

	
	SE
	7.56
	1.11
	1.66
	0.44
	0.52
	0.4
	1.06
	0.07
	7
	72
	12
	13

	
	NW
	7.61
	1.53
	1.38
	0.49
	9.3
	0.18
	0.76
	0.09
	6
	51
	9
	11

	
	SW
	7.7
	1.66
	0.82
	0.42
	0.94
	0.21
	0.86
	0.09
	7
	54
	10
	12

	2024
	NE
	7.61
	1.67
	0.73
	0.6
	7.85
	0.24
	0.86
	0.05
	10
	51
	8
	11

	
	SE
	7.33
	1.78
	1.09
	0.48
	0.54
	0.46
	1
	0.05
	9
	76
	12
	13

	
	NW
	7.63
	1.74
	1.13
	0.55
	9.26
	0.19
	0.72
	0.1
	9
	52
	7
	9

	
	SW
	7.24
	1.57
	1.38
	0.63
	3.95
	0.36
	1.05
	0.2
	8
	62
	13
	16

	
	Mean
	7.71
	1.44
	1.26
	0.51
	4.07
	0.49
	0.99
	0.14
	8.50
	61.42
	10.33
	12.58

	
	Std.
Deviation
	0.33
	0.27
	0.48
	0.08
	3.62
	0.67
	0.21
	0.08
	1.73
	11.16
	2.10
	2.23


 
Table 2: Comparison of observed soil physicochemical parameters and metal concentrations with agricultural guideline values. 
	Parameter
	Observed range
	Mean
	Agricultural guideline range*
	Soil standards 
References

	pH
	7.24–8.39
	7.71
	5.5–8.5 
	USDA

	EC 
	0.93–1.78
	1.44
	                    -
	-

	OC 
	0.71–2.29
	1.26
	1.0 - >2.0 %
	USDA 

	P 
	0.05–0.28
	0.14
	8 – 20 mg/kg
	USDA 

	As 
	6–11
	8.50
	12 mg/kg
	CEQG

	Cr 
	51–83
	61.42
	64 mg/kg
	CEQG

	Cu 
	7–13
	10.33
	63 mg/kg
	CEQG

	Pb 
	9–16
	12.58
	70 mg/kg
	CEQG


USDA-(United States Department of Agriculture, Soil Survey Manual, 2017)
CEQG-(Canadian Environmental Quality Guidelines, 2007)

Table 3: Pearson correlation coefficients among soil physicochemical properties and concentrations of major and trace metals.
	
	pH
	EC
	OC
	Mg
	Ca
	Na
	K
	P
	As
	Cr
	Cu
	Pb

	pH
	1
	
	
	
	
	
	
	
	
	
	
	

	EC
	-.58*
	1
	
	
	
	
	
	
	
	
	
	

	OC
	0.17
	-0.26
	1
	
	
	
	
	
	
	
	
	

	Mg
	-0.10
	0.26
	0.45
	1
	
	
	
	
	
	
	
	

	Ca
	0.22
	0.08
	-0.05
	0.43
	1
	
	
	
	
	
	
	

	Na
	0.15
	0.08
	0.004
	-0.25
	-0.42
	1
	
	
	
	
	
	

	K
	0.16
	-0.25
	.57*
	0.18
	-.63*
	0.46
	1
	
	
	
	
	

	P
	.61*
	-0.53
	.58*
	0.38
	0.12
	0.03
	0.44
	1
	
	
	
	

	As
	0.23
	-0.21
	-.63*
	-0.17
	0.04
	0.06
	-0.09
	-0.03
	1
	
	
	

	Cr
	-0.05
	-0.04
	0.10
	-0.29
	-.73**
	.71**
	.63*
	-0.10
	0.12
	1
	
	

	Cu
	-0.45
	-0.03
	0.30
	-0.07
	-.83**
	0.36
	.72**
	0.02
	-0.23
	.67*
	1
	

	Pb
	-0.29
	-0.05
	0.41
	0.21
	-.68*
	0.31
	.84**
	0.26
	-0.2
	0.53
	.92**
	1

	
* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).



Table 4: One-way ANOVA results showing F-statistics and p-values across different directions and years. Significant values (p < 0.05) are highlighted in bold.
	
	Sum of Squares
	df
	Mean Square
	F
	Sig.

	
pH
	Between Groups
	.58
	2
	.29
	3.99
	.05

	
	Within Groups
	.65
	9
	.07
	
	

	
	Total
	1.23
	11
	
	
	

	
EC
	Between Groups
	.45
	2
	.22
	5.47
	.03

	
	Within Groups
	.37
	9
	.04
	
	

	
	Total
	.82
	11
	
	
	

	
OC
	Between Groups
	.48
	2
	.24
	1.07
	.38

	
	Within Groups
	2.02
	9
	.22
	
	

	
	Total
	2.50
	11
	
	
	

	
Mg
	Between Groups
	.021
	2
	.01
	1.91
	.20

	
	Within Groups
	.050
	9
	.006
	
	

	
	Total
	.071
	11
	
	
	

	
Ca
	Between Groups
	11.39
	2
	5.69
	.39
	.69

	
	Within Groups
	132.73
	9
	14.75
	
	

	
	Total
	144.11
	11
	
	
	

	
Na
	Between Groups
	.86
	2
	.43
	.93
	.43

	
	Within Groups
	4.14
	9
	.46
	
	

	
	Total
	4.99
	11
	
	
	

	
K
	Between Groups
	.079
	2
	.04
	.90
	.44

	
	Within Groups
	.39
	9
	.04
	
	

	
	Total
	.47
	11
	
	
	

	
P
	Between Groups
	.01
	2
	.007
	1.02
	.39

	
	Within Groups
	.06
	9
	.007
	
	

	
	Total
	.08
	11
	
	
	

	
As
	Between Groups
	26.00
	2
	13.00
	16.71
	.001

	
	Within Groups
	7.00
	9
	.78
	
	

	
	Total
	33.00
	11
	
	
	

	
Cr
	Between Groups
	188.67
	2
	94.33
	.72
	.51

	
	Within Groups
	1182.25
	9
	131.36
	
	

	
	Total
	1370.92
	11
	
	
	

	
Cu
	Between Groups
	.67
	2
	.33
	.06
	.94

	
	Within Groups
	48.00
	9
	5.33
	
	

	
	Total
	48.67
	11
	
	
	

	
Pb
	Between Groups
	1.17
	2
	.58
	.09
	.91

	
	Within Groups
	53.75
	9
	5.97
	
	

	
	Total
	54.92
	11
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Figure 2: Scree plot  showing the eigen values of the principal components.
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Figure 3: Component plot in rotated space

Table 5:  Rotated principal component loadings for soil physicochemical properties and elemental concentrations obtained using principal component analysis (PCA) with Varimax rotation and Kaiser normalization.
	
	Component

	
	1
	2
	3

	pH
	-.163
	-.163
	.904

	EC
	-.098
	.097
	-.802

	OC
	.227
	.815
	.354

	Mg
	-.241
	.774
	-.008

	Ca
	-.902
	.136
	.112

	Na
	.638
	-.262
	.120

	K
	.811
	.358
	.348

	P
	.034
	.464
	.799

	As
	-.052
	-.664
	.250

	Cr
	.874
	-.222
	.019

	Cu
	.906
	.251
	-.199

	Pb
	.823
	.447
	-.036

	Eigen value 
	4.42
	2.69
	2.14

	% variance
	36.80
	22.40
	17.86

	Cumulative % variance
	36.80
	59.20
	77.06




 










Extraction Method: Principal Component Analysis
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Figure 4: Box plots showing the distribution of (a) pH, (b) electrical conductivity (EC), (c) organic carbon (OC), (d) Mg, (e) Ca, (f) Na, (g) K, (h) P, (i) As, (j) Cr, (k) Cu, and (l) Pb in soil samples.
Table 6: Directional and year-wise contamination factor (CF) and pollution load index (PLI) values for soil trace metals.
	Year
	Directions
	As (CF)
	Cr (CF)
	Cu (CF)
	Pb (CF)
	PLI

	

2022
	NE
	1.39
	0.85
	0.38
	0.88
	0.89

	
	SE
	1.14
	1.17
	0.38
	0.88
	0.90

	
	NW
	1.39
	0.76
	0.22
	0.56
	0.77

	
	SW
	1.14
	0.99
	0.34
	0.94
	0.88

	

2023
	NE
	0.76
	0.73
	0.34
	0.88
	0.80

	
	SE
	0.89
	1.01
	0.38
	0.81
	0.85

	
	NW
	0.76
	0.72
	0.28
	0.69
	0.75

	
	SW
	0.89
	0.76
	0.31
	0.75
	0.80

	

2024
	NE
	1.27
	0.72
	0.25
	0.69
	0.80

	
	SE
	1.14
	1.07
	0.38
	0.81
	0.88

	
	NW
	1.14
	0.73
	0.22
	0.56
	0.75

	
	SW
	1.01
	0.87
	0.41
	1.00
	0.88
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Figure 5: Spatio-temporal variation of contamination factor (CF) and pollution load index (PLI) of trace metals in soils.
4. Discussions
4.1.  Physicochemical properties of soil: Table 1 presents the year-wise variation in
physicochemical properties, major nutrients, and trace metal concentrations in soils collected around the cement plant at Karbi Anglong, Assam, over three consecutive years (2022–2024). The results reveal both spatial and temporal variability, reflecting the combined influence of cement dust deposition, local soil characteristics, and interannual processes.
The results indicate that the soil texture in the study area is predominantly sandy in nature. Soil pH across all sampling years and directions remained neutral to moderately alkaline (7.24–8.39), with a mean of 7.71. The alteration of soil pH in the vicinity of the cement plant is driven by chemical interactions under acidic conditions (Kholdorov et al., 2021).
EC ranged from 0.93 to 1.78 mS cm-1, with a mean of 1.44 mS cm-1, indicating low to moderate soluble salt content. Clay-rich soils generally exhibit higher electrical conductivity than sandy soils. In the present study, the relatively low EC values reflect the sand-dominated nature of the soils rather than clay-rich composition (Gogoi et al., 2024). OC content varied between 0.71% and 2.29%, showing noticeable inter-annual and directional fluctuations. Higher OC values in certain locations (NE in 2023) may be linked to local vegetation cover and organic matter inputs, whereas lower values could result from dilution by mineral-rich cement dust.
4.2.  Major elements (Mg, Ca, Na, K, and P):  Among the major elements, Ca
and Mg showed pronounced variability, which was consistent with the mineralogical composition of cement dust. Ca concentrations were relatively elevated in all years, with a mean of 4.07 ppm, indicating heterogeneous distribution. Exceptionally high Ca levels in the NW direction over three years suggest preferential deposition influenced by prevailing wind patterns and proximity to emission sources. Cement plants are well known to release dust and particulate matter, including calcium oxide (CaO) and other alkaline compounds, as by-products of the clinker production process (Oko et al., 2024). Mg exhibited similar trends, with a mean value of 0.51 ppm and moderate variability. The levels of exchangeable Ca2+ and Mg2+ were markedly higher than those in non-affected soils, indicating a potential fertilization effect of cement dust on the surrounding soils (Agbede et al., 2024). Na and K showed comparatively lower concentrations and narrower ranges, suggesting a greater contribution from natural soil minerals rather than direct industrial inputs. P concentrations were generally low (mean 0.14 ppm), but localized increases were observed, due to the interaction of cement dust with soil phosphates or anthropogenic activities such as fertilizer application in nearby areas. Exchangeable Ca2+, Mg2+, K+, and Na+ are essential plant nutrients abundantly present in cement dust and its raw materials (Bilen et al., 2019).
4.3.  Trace metals (As, Cr, Cu, and Pb): Trace metal concentrations displayed
clear spatio-temporal variations, highlighting the influence of industrial activities. As levels ranged from 6 to 11 ppm, with a mean of 8.50 ppm, remaining relatively consistent across years but showing directional differences. Unregulated human activities and industrial processes, including copper smelting, mining, and coal combustion, contribute to elevate As levels in the environment (Usese et al., 2017). Cr exhibited the highest concentrations among the studied trace metals (51–83 ppm; mean 61.42 ppm), suggesting a strong association with cement raw materials and fuel combustion processes. Elevated Cr values in specific directions, particularly SE and SW, indicate localized enrichment likely governed by wind direction and particulate settling. Pb ranged from 9 to 16 ppm (mean 12.58 ppm), with slightly higher values in 2024, which indicate cumulative deposition over time. Cr and Pb levels in 2024 exhibited significantly higher fallout than in other years, due to fuel use or the recovery of waste materials with elevated heavy metal content (Blois & Lay-Ekuakille, 2021). Cu concentrations were comparatively low (7–13 ppm; mean 10.33 ppm) and showed limited variability, implying minor industrial contribution or effective immobilization in soil matrices under alkaline conditions. 
Comparison with standard guidelines as shown in Table 2 indicates that soils around the cement plant largely remain within acceptable agricultural and environmental limits. Soil pH (7.24–8.39; mean 7.71) falls within the range recommended by the United States Department of Agriculture (USDA), though the slightly alkaline nature reflects the influence of calcium-rich cement dust and may affect nutrient availability. EC values (mean 1.44 mS cm-1) suggest low to moderate salinity, indicating general agricultural suitability. OC showed moderate levels (mean 1.26%), implying reasonable soil fertility. Ca, Mg, Na and K were determined as total elemental concentrations using X-ray fluorescence (XRF) and therefore represent bulk soil contents influenced by both natural mineralogy and cement dust inputs. As agronomic guidelines are based on exchangeable fractions, direct evaluation of soil fertility for these major cations was not performed. In contrast, available P was markedly low compared to recommended values, likely due to reduced availability under alkaline conditions.
Trace metals (As, Cr, Cu, Pb) remained below thresholds set by the Canadian Environmental Quality Guidelines (CEQG), indicating no immediate contamination risk. However, Cr concentrations were close to the guideline value, suggesting a detectable cement-related influence.
4.4.  Pearson correlation analysis: Pearson correlation coefficients (Table 3)
were used to examine the interrelationships among soil physicochemical properties, major elements, and trace metals, and to infer possible common sources and controlling factors influencing their distribution around the cement plant.
A significant negative correlation was observed between pH and EC (r = −0.58, p < 0.05), indicating that soils with higher alkalinity tended to have lower soluble salt content. This relationship suggests that although cement dust contributes to alkalinity through Ca-rich inputs, soluble ions are not uniformly retained in more alkaline soils and may be affected by leaching or ion exchange processes. In contrast, pH showed a significant positive correlation with P (r = 0.61, p < 0.05), implying enhanced P retention or availability under alkaline conditions, which is consistent with the interaction between phosphate with Ca-rich cement dust.
OC exhibited significant positive correlations with K (r = 0.57, p < 0.05) and P (r = 0.58, p < 0.05), suggesting that organic matter plays an important role in nutrient retention in the study area. Conversely, OC showed a strong negative correlation with As (r = −0.63, p < 0.05), indicating that higher organic matter content may reduce As mobility through adsorption or complexation processes.
Among the major elements, Ca showed strong and significant negative correlations with K (r = −0.63, p < 0.05), Cr (r = −0.73, p < 0.01), Cu (r = −0.83, p < 0.01), and Pb (r = −0.68, p < 0.05). These relationships suggest that although Ca is a dominant constituent of cement dust, elevated Ca levels may dilute or immobilize trace metals through precipitation or competitive adsorption mechanisms. Na, on the other hand, displayed significant positive correlations with Cr (r = 0.71, p < 0.01) and K (r = 0.46), indicating a possible shared geochemical or anthropogenic source.
Strong positive correlations were also observed between the trace metals. Cr showed a significant positive correlation with Cu (r = 0.67, p < 0.01) and Pb (r = 0.53), while Cu and Pb were very strongly correlated (r = 0.92, p < 0.01). These associations indicate a common origin for these metals, most plausibly linked to cement production processes, including raw material handling, clinker formation, and particulate emissions. 
4.5.  One-way ANOVA analysis: To evaluate whether soil physicochemical
properties and elemental concentrations varied significantly across the three years (2022, 2023 and 2024), a one-way ANOVA was performed (Table 4). Among the physicochemical parameters, pH showed marginal significance (F = 3.99, p = 0.05), indicating slight but consistent interannual shifts, likely influenced by variable deposition of alkaline cement dust. EC varied significantly (F = 5.47, p = 0.03), reflecting greater sensitivity of soluble salts to emission inputs and leaching processes. In contrast, OC, Mg, and major elements (Ca, Na, K, and P) showed no significant variation (p > 0.05), suggesting relatively uniform distribution and strong control by inherent soil characteristics. Among trace metals, As exhibited highly significant variation (F = 16.71, p = 0.001), indicating pronounced spatio–temporal heterogeneity, potentially driven by localized emissions and post-depositional mobility. Conversely, Cr, Cu, and Pb did not show significant interannual differences (p > 0.05), suggesting stable concentrations throughout the study period.
4.6.  Principal Component Analysis (PCA): Principal component analysis (PCA)
with Varimax rotation and Kaiser normalization was applied to identify the dominant factors controlling the distribution of soil physicochemical properties, major elements, and trace metals around the cement plant (Table 5; Figure 1). Three principal components (PCs) with eigenvalues greater than unity were extracted, collectively explaining 77.06% of the total variance.
PC1 accounted for 36.80% of the total variance and is characterized by strong positive loadings for Cu (0.906), Cr (0.874), Pb (0.823), K (0.811), and Na (0.638), along with a strong negative loading for Ca (−0.902). The clustering of Cr, Cu, and Pb suggests a common source, associated with cement production activities. The positive association of K and Na with these trace metals further indicates contributions from cement raw materials and fuel combustion residues.
The strong negative loading of Ca on PC1 reflects its distinct geochemical behaviour compared to trace metals. Although Ca is a major constituent of cement dust, its inverse relationship with Cr, Cu, and Pb suggests dilution effects or immobilization mechanisms in Ca-rich soils, consistent with the negative correlations observed in the Pearson correlation analysis. Overall, PC1 represents a dominant anthropogenic factor linked to cement plant emissions and associated industrial inputs.
PC2 explains 22.40% of the total variance and shows high positive loadings for organic carbon (0.815) and Mg (0.774), with moderate positive contributions from P (0.464) and Pb (0.447). In contrast, As exhibits a strong negative loading (−0.664). This component reflects the influence of soil organic matter and nutrient-related processes on element distribution. The positive association between OC and Mg indicates that organic matter enhances the retention of certain nutrients and metals, while the negative loading of As suggests reduced mobility of As in soils with higher organic content.
This interpretation is in agreement with the correlation analysis, where OC showed a significant negative relationship with As. Thus, PC2 can be interpreted as a pedogenic factor controlling the partitioning of nutrients and selected trace metals.
PC3 accounts for 17.86% of the total variance and is dominated by strong positive loadings of pH (0.904) and P (0.799), along with a strong negative loading for EC (−0.802). This component reflects the influence of soil chemical conditions, particularly alkalinity and ionic strength, on element behaviour. The positive pH–P association indicates enhanced P retention or precipitation under alkaline conditions. 
The three-component PCA structure highlighted the combined effects of anthropogenic inputs and natural soil processes on soil quality around the cement plant. PC1 identified cement-related emissions as the primary source of trace metal variability, PC2 emphasized the role of soil organic matter and nutrient dynamics, and PC3 represented the controlling influence of soil chemical conditions. 
4.7.  Box plot analysis:  The box plots (Figure 4) provide a visual synthesis of
interannual variability (2022–2024) in soil physicochemical properties, major elements, and trace metals around the cement plant. Among physicochemical properties, soil pH exhibited a gradual decline in median values from 2022 to 2024, while remaining within neutral to moderately alkaline conditions, indicating progressive buffering of cement-induced alkalinity. In contrast, EC showed a consistent increase in median values, reflecting cumulative enrichment of soluble ions associated with continued particulate deposition and redistribution processes. Organic carbon displayed pronounced temporal variability, with higher median values in 2023 followed by stabilization in 2024, suggesting dominance of natural organic matter dynamics over direct industrial inputs.
Major elements showed contrasting trends. Ca exhibited a clear increase in median concentration and variability over time, consistent with continuous input of Ca-rich cement dust. Mg showed a modest upward trend, whereas Na stabilized after high variability in 2022, indicating redistribution within the soil matrix. In contrast, K and P displayed declining median concentrations, likely due to leaching, plant uptake, or dilution effects under alkaline conditions.
Trace metals demonstrated element-specific temporal behaviour. As showed distinct interannual fluctuations, indicating sensitivity to localized environmental controls. Cr exhibited persistent but variable concentrations, indicating continuous and spatially heterogeneous industrial inputs. Cu and Pb showed moderate variability with localized enrichment in subsequent years, suggesting cumulative deposition moderated by soil retention processes.
4.8.  Contamination Factor and Pollution Load Index: The CF values for As, Cr,
Cu, and Pb and the corresponding PLI values presented and illustrated in Table 6 and Figure 2 respectively, provide an integrated assessment of metal contamination and overall pollution status of soils around the cement plant across directions and years.
Among the studied metals, As consistently exhibited the highest CF values, frequently exceeding unity (CF > 1), particularly in 2022 (NE and NW) and again in 2024 (NE, SE, and SW). This indicates moderate contamination by As and highlights its sensitivity to spatial and temporal variations, in agreement with the ANOVA and PCA results. Cr showed CF values close to or slightly above unity in the SE direction in all three years, suggesting localized enrichment likely linked to cement raw materials and combustion processes. In contrast, Cu exhibited consistently low CF values (< 1) across all years and directions, indicating minimal contamination and a predominantly lithogenic origin. Pb generally showed low to moderate contamination (CF ≤ 1), with slightly elevated values in certain directions (SW in 2024), suggesting cumulative but spatially heterogeneous inputs.
The PLI values ranged from 0.75 to 0.90 across the study period. All PLI values remained below unity, indicating that, overall, the soils fall within the unpolluted to marginally polluted category. However, relatively higher PLI values were consistently observed in the SE and SW directions, implying greater cumulative metal loading in these areas, influenced by prevailing wind direction and dust dispersion patterns from the cement plant. This observation is consistent with the findings of Chetia and Bhuyan (2022), who documented that residents living south of the Bokajan cement factory experience poor air quality due to increased dust deposition (Chetia & Bhuyan, 2022). Lower PLI values in the NW direction across all years suggest comparatively lesser impact.
Temporal comparison shows that PLI values remain fairly stable from 2022 to 2024, with no pronounced increasing trend. This stability suggests a balance between continuous industrial inputs and natural processes such as dilution, immobilization, and soil buffering under alkaline conditions. 
5. Conclusion: This multi-year study (2022-2024) provides a comprehensive evaluation of soil physicochemical properties, major nutrients, and trace metal distribution in the vicinity of the Bokajan cement plant Karbi Anglong, Assam. The results demonstrates that the cement related emissions exert a measurable but spatially heterogeneous influence on surrounding soils, mediated by prevailing wind directions, soil properties, and temporal processes. While soil properties largely remain suitable for agriculture, potential nutrient imbalances and persistent low-level metal inputs raise concerns for long-term soil health, crop productivity, and human exposure through the food chain. Soil pH across all sampling years remained neutral to moderately alkaline. EC exhibited significant yearly variation, indicating sensitivity of soluble salts to emission inputs and leaching dynamics, whereas organic carbon and major nutrients showed comparatively stable distributions, suggesting strong control by inherent soil characteristics. As and Cr emerged as key contaminants, with localized enrichment influenced by wind direction, indicating zones of heightened environmental sensitivity. Pearson correlation and PCA identified cement plant emissions as the dominant anthropogenic source influencing trace metal accumulation, particularly for Cr, Cu, and Pb, while soil organic matter and alkalinity played a critical role in modulating metal retention and mobility. CF and PLI values indicated overall unpolluted to marginally polluted conditions; however, localized enrichment of As and Cr along specific directions highlights potential environmental vulnerability zones. Overall, the results show that although large-scale soil degradation is not yet evident, persistent low-to-moderate metal inputs and directional accumulation require continued attention. Long-term monitoring, direction-specific assessments, and improved emission controls are essential to prevent future accumulation and protect soil, ecological, and human health. Future studies should integrate metal bioavailability, plant uptake, and health risk assessments, while policy efforts should emphasize stricter dust controls, routine soil surveillance, and site-specific regulations for cement industries in vulnerable regions.
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