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Abstract

The presence of heavy metals in agricultural soils has become a critical concern in the face of increased environmental
scrutiny, highlighting the relationship between human and natural impacts on our land. This study focused on examin-
ing heavy metal contamination levels including Copper (Cu), Chromium (Cr), Cobalt (Co), Lead (Pb), Iron (Fe), Zinc (Zn),
Nickel (Ni) and Manganese (Mn) conducting an ecological risk assessment in the Morigaon district’s paddy fields, which
are characterized by disturbed soils. Undisturbed playground soils of the Morigaon district were taken as control. Based
on the averages of all locations and the corresponding contamination factor (Cf) for paddy field, it was found that the
soil’s Cr (0.56 to 0.84), Fe (0.11 to 0.13), Mn (0.38 to 0.78), and Zn (0.35 to 0.65) contamination is low, with Cf< 1 for all
seasons. Observed levels of Cu, Ni, and Pb showed moderate contamination throughout seasons, with contamination
factors (Cf) ranging from 1 to 3. Meanwhile, Co exhibited a greater amount of contamination in the disturbed soil, with
Cf ranging from 3 to 6, indicating significant contamination. Higher degree of contamination (CD) of the sampling sites
(10.71 to 14.72) might have been due to metal contamination, especially Co, Ni and Pb. Undisturbed soil showed a com-
paratively lesser degree of contamination because of an absence of physical or chemical disturbances. In particular, Ni
contents of disturbed and undisturbed sites were excessively higher than the worldwide average. Significant variations
from global averages were particularly noted for Co and Pb. Conversely, Cr, Mn, and Zn demonstrated minimal variations
when compared to these averages. Additionally, metrics such as Enrichment Factors (EF), Potential Ecological Risk Index
(PERI) and Ecological Risk Index (Er) were elevated in the disturbed soils relative to their undisturbed counterparts. The
findings indicated that anthropogenic activities have significantly negatively influenced the Morigaon district paddy
field’s soil quality and agriculture.
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1 Introduction

Soil contamination with heavy metals (HMs) is a pervasive environmental issue around the world, attributed to their
enduring, toxic, and bioaccumulative characteristics [1, 2]. HMs accumulation not only diminishes the quality and yield of
agricultural goods but also deteriorates soil quality and affects the soil’s physical/chemical attributes directly [3, 4]. Over
the last several decades, industrial expansion, urbanization, and agricultural techniques have resulted in HMs accumula-
tion, or potentially harmful components in soil [5-8]. The eventual destination and consequences of such pollutants are
determined by several geo-environmental factors, such as the parental rocks’ composition and the kinds of operations
humans engage in, such as agricultural chemicals [9].

Higher HMs levels in soil can increase the possibility of plant uptake of these metals [10]. As a result, extensive risk
assessments of heavy metal accumulation in farmlands are required to ensure the safe use of inorganic fertilizers, organic
waste, and pesticides during crop production [2]. While metals like Mn, Fe, Cu and Zn are required in trace levels for
biological processes, others, like As, Cr, Cd and Pb, can be toxic even at low concentrations, posing significant dangers
to plant, animal, and human health via the food chain [3, 8, 11, 12]. Manganese and iron are both more prevalent metals
in the Earth’s crust, and they are frequently found in oxides and hydroxides of Fe/Mn. These oxides and hydroxides are
crucial for determining whether certain heavy metals will precipitate or dissolve in soil [13-15]. Conversely, metals like
Zn and Cu are frequently added to animal feeds for their growth-promoting and antimicrobial benefits, with the majority
typically being expelled through animal waste [16].

The presence of HMs in farm soils might harm public health via the consumption of contaminated crops and continual
exposure to soil particulates [17-19]. HMs in soil can become concentrated in less soluble forms, penetrate soil solutions,
and leach into groundwater, reducing water quality [20, 21]. These metals are xenobiotic (foreign to biological systems),
have great mobility, and are persistent in the soil environment [22]. They are derived from soil, enter the food chain, and
undergo biomagnification at higher trophic levels, causing metabolic abnormalities in the human body [19, 23]. As a
result, they might jeopardize food safety and numerous biological aspects, as well as pose a risk to people’s health [24].
The environmental concerns associated with HM concentrations in habitation land-use patterns, which are changed by
various anthropogenic influences, should be assessed using conventional procedures [25]. Environmental risk evaluation
is one of the prime methods for separating soil pollution from background levels of HMs [7, 8, 26]. Simultaneously, the
use of several metrics, such as enrichment factor (EF), contamination factor (Cf), degree of contamination (CD), ecologi-
cal risk index (Er), and potential ecological risk index (PERI), is imperative and advantageous in the determination of
elemental contamination in soils [7, 8, 25].

The Morigaon district in Assam is predominantly an agricultural land area (out of the geographical location of
1,55,100 ha, 81% of the site is utilized as crop area), i.e,, the soil-rice system, and villagers use a diverse range of agro-
chemicals for agricultural output. The Morigaon district is the backbone of the Assam state for agricultural production.
Thus, the safety of soil used for agriculture has emerged as a critical concern. Despite India’s status as a preeminent
producer and consumer of grains, there have been limited studies assessing HMs contamination in the soil-rice systems
within the country [1, 27]. Additionally, most of the research focused only on specific metal pollution [3, 28, 29]. Further,
not a single study comprehensively addressed the ecological risk assessment from the perspective of public health
concerns. This work represents the first documentation of HMs pollution in the Morigaon district’s soil-rice environment.
Regional field evaluation is critical due to the diversity of soil-rice interactions in soil-rice ecosystems and its superior
practical usefulness [3].

Hence, the study’s primary objectives were to (i) evaluate HMs levels (Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn) within the
agricultural soils used for rice cultivation (disturbed soil) of the Morigaon district in Assam, in comparison to undisturbed
soils (soils from playgrounds); (ii) comparative evaluation of contamination status based on pollution measurement
indices and (iii) comparative assessment of potential ecological risk. The output of the investigation can be utilized to
formulate sustainable agricultural strategies for rice cultivation in acidic soils.
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2 Materials and Methods
2.1 Studyarea

The Morigaon district, nestled in the state of Assam, India, is characterized by its predominantly rural landscape that
stretches across the southern bank of the mighty Brahmaputra River, known for its significant role in agriculture
and biodiversity in the region. The communities of Karbi-Anglong, Nagaon and Kamrup form the southern, eastern
and western boundaries, respectively, and the Brahmaputra makes up the northern boundary. Alluvial plains cover
a significant chunk of the landmass and are highly fertile, while wetlands, rivers, creeks, and marshy lands can be
found throughout the district. Out of the geographical area of 1, 55,100 ha in the community, 81% can be described
as the net crop area. The area under forest is 13% of the total geographical location [30]. Agriculture is a crucial
component of the district’s economic framework, with approximately 80% of the rural population relying on it as
their primary source of livelihood. The community has a subtropical climate, with a warm, humid and wet summer
and a moderately cool and dry winter. The district experiences abundant yearly precipitation, with an average of
1319 mm. Most of this precipitation falls between June and September during the monsoon season, making up
around 75% of the entire amount of precipitation. The average high temperature fluctuates between 32 and 38 °C,
while the average low temperature falls between 8 and 9 °C. Based on physiography, soil quality, farming system,
crop and cropping system and hydrological information, the district Morigaon could be classified into Alluvial flood
zone, Alluvial flooded area and Char (Riverine sandy strip). Additionally, this district is more productive concerning
agricultural output.

2.2 Soil sampling

For three years, samples of soil were taken twice a year, from 0 to 15 cm depth, in the hot, humid summer months
of June and July, and the cold and dry winter months of December and January, from every location. Sampling was
conducted during the summer (S1, S2, S3) and winter (W1, W2, W3) across the three-year period. At each location, at
least three soil samples were collected in polythene bags from within a 1 square meter area from different points and
were taken to the laboratory. There, the air-dried soil was broken down, spread out on white paper, and combined to
create a homogenous composite sample. Once dried, the soil was sifted through a 2 mm sieve to obtain the fraction
needed for analysis and then sealed in polythene bags.

Every season, a total of thirty sites were routinely sampled: 25 samples from rice cultivation fields [tilled land or
disturbed soil within the soil-rice system, designated as T1 to T25] and five samples (NT1 to NT5) from non-tilled areas
or undisturbed soil, predominantly playgrounds. The sampling locations are depicted in Fig. 1, and specific details
about each location are provided in Table 1.

2.3 Estimation of soil physicochemical characteristics
2.3.1 Soil texture

The Bouyoucos hydrometer method was employed to analyze soil texture. Initially, 50 g of soil dried in an oven were
passed through a 2 mm sieve. The sieved soil then treated with 50 ml of a 6% hydrogen peroxide solution to break
down organic particles. To decompose organic material, 50 ml of 6% hydrogen peroxide solution was added to the
sieved soil. The surplus hydrogen peroxide was then dissipated by heating in a water bath. Once the mixture cooled
to room temperature, 100 ml of 5% Sodium hexametaphosphate solution was introduced, and the solution was
agitated using an electric stirrer for 10 min before being poured into a 1-L measuring cylinder. The soil suspension
was then tested with a hydrometer, noting readings at the 4-min mark and again after 2 h. This procedure allowed
for the calculation of samples’ sand, clay and silt proportions, and the evaluation of the soil texture category based
on the International Soil Science Society’s (ISSS) texture triangle [31].
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Fig. 1 Sampling sites of the study area
Table 1 LoFations of the Identity Latitude (N) Longitude(E) Identity Latitude (N) Longitude(E)
sampling sites are T1-T25
(disturbed areas)and NTTto 26°16'27.49” 92°20'23.36” T16 26°16'31.22” 92°25'11.48”
NTS (undisturbed areas) T2 26°16'05.81” 92°20'05.87" 17 26°15'30.56" 92°21127.66"
3 26°16'47.6°” 92'20'55.52" T18 26°15'31.22" 92°20'56.23"
T4 26°15'13.74" 92°20'17.30” T19 26°15'51.68" 92°20'11.67"
T5 26°15'24.52" 92°19'59.78" T20 26°18'06.02” 92°27'17.88"
6 26°13'01.52” 92°23'25.57" T21 26°16'05.48" 92°20'21.26"
7 26°15'59.87" 92°21'18.86" T22 26°14'11.39” 92°22'25.70"
T8 26°13'48.19” 92°20'59.01” T23 26°14'48.37" 92°22'27.86"
T9 26°12'28.51” 92°25'01.45" T24 26°13'12.52” 92°19'08.78"
T10 26°13'24.04” 92°22127.07" T25 26°15'24.51" 92°19'59.77"
T 26°13'43.64" 92°16'56.50" NT1 26°15'21.39” 92°20'35.51"
T12 26°15'50.31” 92°23'33.43" NT2 26°15'14.31” 92°21'33.46"
T13 26°14'49.74" 92°18'47.54" NT3 26°15'59.57" 92°22'16.73"
T14 26°14'23.71” 92°17'13.51” NT4 26°15'35.94” 92°20'25.92"
T15 26°15'57.43” 92°22'31.03” NT5 26°15'18.87” 92°21'21.44”

@ Discover



Discover Environment (2024) 2:13 | https://doi.org/10.1007/544274-024-00039-z Research

2.3.2 Soil pH and electrical conductivity

Using a digital pH tester (Elico101E), the pH of the soil was determined in 1:5 soil-water suspensions [14]. Similarly,
soil electrical conductivity was measured with a conductivity bridge (Labtronics LT-16) also in 1:5 soil-water suspen-
sions [14].

2.3.3 Soil organic carbon (SOC)

The SOC was analyzed following Walkey-Black Rapid Filtration method [31]. Briefly, 1.0 g soil is oxidized with K,Cr,0,
and concentrated H,SO,, followed by dilution with 200 ml distilled water. This was followed by adding 10 ml of 85%
H;PO, and diphenylamine indicator (1 ml), and the solution was titrated with 0.5N FeSO,(NH,)250,.6H,0 aqueous
solution. The SOC was calculated from the following relation:

% of org. Cin the soil (uncorrected) = 0.5 X (B—S) x N of K,Cr,0, x 0.003 x (100/W);

% of org. Cin the soil (corrected) = % of org. Cin the soil (uncorrected) x 1.3

where B=Vol. of 0.5 N FeSO,(NH,)250,.6H,0 solution used for blank titration.
S=Vol. of 0.5 N FeSO,(NH,)250,.6H,0 solution used for sample titration.
W =Wt. of the soil, and 1.3 is a correction factor.
1ml of 1N dichromate is equivalent to 3.0 mg of carbon=0.003 g of org. C

2.4 Soil heavy metals (Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn) estimation

To determine the total amounts of trace metals present in soil samples, extraction was done from 1 g of soil with a
mixture of concentrated nitric, hydrochloric and sulphuric acids in 2:1:4 proportions and keeping the variety overnight
following the methodology described by Adhikari and Bhattacharyya [14]. Following that, the mixture underwent
filtering using Whatman 45 and was diluted to a level of 100 millilitres using Milli-Q water. Finally, metals quantity was
analyzed in an Atomic Absorption Spectrophotometer (PerkinEImer Analyst 200) using air acetylene flame described
by Adhikari and Bhattacharyya [14]. The AAS was individually calibrated employing a minimum of 3 standard solutions
for every metal prior to measurement. The determined concentrations were converted to mg kg™ using the formula:

Trace metal (mgkg™') = (AASreadinginmg 1" x volume of extract) /Ovendryweightofsoil.

2.5 Quality assurance and quality control

Calibration curves were generated to ascertain the concentration HMs levels present in the sample solutions. Stand-
ard solutions of intermediate concentration (100 mg/L) for each metal were made by diluting stock solutions with
a concentration of 1000 mg/L for each metal. The process of dilution using distilled water produced the metal solu-
tions for suitable working standards. To improve sensitivity and set appropriate working standards, the samples were
measured according to the instructions in the instrument operation handbook. The absorbance values of each sample
were then recorded. Calibration curves were constructed by plotting absorbance against concentrations (mg/L) of
several metal standards. Following the calibration process utilizing the standard solutions, the sample solutions were
introduced into the device, and an immediate measurement of the metal concentrations was obtained.

During the investigation, analytical grade (AR) substances were utilized without additional purification. All of the
reference materials and chemicals were purchased from Merck India. De-ionized water was utilized for preparing all
solutions and calibrating standards. Each evaluation was performed three times. Using NIST reference material in
triplicate, the analytical procedures’accuracy and precision were examined (Department of Commerce, USA). It was
found that the procedure’s recovery and precision were 88% to 110% and less than 4%, respectively.
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2.6 Data analysis and statistics

Different data were spatially plotted and visualized. IBM SPSS Statistic 26.0 were used for analyzing the data. By apply-
ing Pearson Correlation Analysis, the relationship between different variables was ascertained. The main components
(PCs) across sampling sites were ascertained using principle component analysis (PCA), which was also used to evaluate
regional differences in soil and potential metallic origins. Further, the various patterns of selected heavy metals were
identified by mapping soil parameters using the Inverse Distance Weighted (IDW) interpolation protocol. The IDW method
operates under the assumption that objects or phenomena nearby exhibit greater similarity compared to those located
at greater distances. To estimate a value at a location where no measurements have been taken, the IDW method uses
the measured values in the vicinity of the prediction site. The predicted value is more heavily influenced by the measured
values that are in close proximity to the prediction location, as opposed to those that are located further away. Higher
weight is assigned by the interpolation to those points closest to the predicted location; the weightings decrease with
increasing distance. The interpolation was carried out in ArcGIS software and spatially visualized. This interpolation
method was chosen for geographical visualization since it is a widely used approach in GIS and gives a smooth depic-
tion of the data distribution. It enables the identification of locations with more significant or lower concentrations of
heavy metals, which is critical for determining the degree of pollution and possible exposure concerns in various places.

2.6.1 Assessment of pollution indices

2.6.1.1 Contamination factor (Cf) The Cf is determined by following formula,
Cf = Ci/cref

where C; is mean HM level and C,; concentration of the selected reference back ground [32]. Categories of contamina-
tion levels as [33]: low degree (Cf < 1), moderate degree (1 < Cf < 3), considerable degree (3 < Cf < 6) and very high degree
(Cf>6).

2.6.1.2 Degree of contamination (CD) The following equation is utilized to evaluate CD of the soil suggested by Hakan-
son [33]. CD (total Cf of all the metals) is calculated by following formula,

=" cf

Based on Hakanson [33] equation categorization of CD are as follows: lower contamination degree (CD < 6), moderate
contamination degree (6 < CD < 12), considerable contamination degree (12 <CD < 24) and high degree of contamina-
tion (CD > 24).

2.6.1.3 Enrichment factor (EF) The EF is employed to determine anthropogenic origin of HMs into soil [35]. EF is calcu-
lated as,

_ (Metal [Fe)Sample
"~ (Metal /Fe)Background

Fe is used as a normalization element because of its uniform abundance in soil and Fe being mostly non-anthropo-
genic in origin [36]. Sakan et al. [37] have shown that the EF could be interpreted as enrichment, zero (EF < 1), minimal
(1 <EF < 3), moderate (3 < EF <5), moderately high (5 <EF < 10), high (10 < EF < 25), very high (25 < EF <50) extremely
high (EF > 50).

2.6.1.4 Potential ecological risk index HMs ecological risk was measured in soils [38] using the potential ecological risk
index (PERI) proposed by Hakanson [33]. A more thorough assessment of the possible risk associated with soil concen-
trations of heavy metals is achieved by utilizing this technique to ascertain the integrated ecological and environmental
impact in conjunction with toxicological [39]. This index is calculated from the following equations.

Erf =Tr x Cf
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i
PERI = Z Er
r

where, Tr is each metal’s toxic response coefficient standard values of Cr=2, Mn=1, Ni=5, Co=5,Zn=1, Cu=5,Pb=5
[33, 34, 40, 41] and Cf=contamination factor.

Based on Hakanson [33] the ecological risk factor (Eri) is classified as: lower risk (Eri <40), moderate risk
(40 < Eri < 80), considerable risk (80 < Eri < 160), higher risk (160 < Eri < 320), very serious risk (Eri >320). Similarly,
according to Hakanson [33] the PERI rated as, low risk (PERI < 95), moderate risk (95 < PERI < 190), considerable risk
(190 < PERI < 380) and very higher risk (PERI > 380).

Table 2 Physico-chemical

) - Site pH SOC (%) EC(mScm™) Sand (%) Silt (%) Clay (%)
properties of the soil samples

Disturbed soil

T1 5.04 1.30 0.06 68.96 8.12 12.79
T2 5.24 0.87 0.09 76.70 9.84 13.46
T3 5.07 0.68 0.10 79.09 13.86 12.60
T4 5.27 1.32 0.13 61.98 6.61 17.19
T5 5.49 1.24 0.08 76.23 8.89 14.88
T6 5.13 1.22 0.14 71.23 9.62 19.15
T7 5.42 117 0.22 67.56 11.29 21.15
T8 5.54 0.89 0.15 68.57 13.45 17.98
T9 5.12 1.08 0.21 67.29 12.17 20.55
T10 5.11 0.95 0.08 7291 10.85 16.24
T11 4.65 1.65 0.11 63.40 12.81 17.51
T12 4.78 1.00 0.07 74.55 12.85 14.59
T13 5.10 1.00 0.16 67.09 14.19 18.72
T14 5.29 1.03 0.10 7291 10.04 17.05
T15 5.05 1.04 0.09 73.47 10.45 16.09
T16 5.60 0.70 0.27 78.80 12.92 25.11
T17 5.17 1.12 0.07 71.59 14.43 13.99
T18 4.83 0.97 0.05 72.72 14.02 13.26
T19 5.43 0.84 0.09 73.27 11.25 15.48
T20 5.10 1.05 0.20 69.68 16.35 20.25
T21 4.89 1.39 0.22 68.21 10.74 21.04
T22 4.72 1.67 0.33 59.25 13.38 27.37
T23 4.73 1.18 0.09 78.23 7.07 14.71
T24 5.21 0.78 0.20 68.66 10.58 15.21
T25 4.82 1.31 0.08 73.77 11.09 20.75
Undisturbed soil
NT1 5.29 1.07 0.15 77.46 9.40 12.41
NT2 5.32 0.87 0.12 81.63 13.10 10.49
NT3 5.12 1.17 0.22 73.01 10.94 14.34
NT4 5.13 1.13 0.15 75.34 7.88 11.56
NT5 5.69 0.87 0.14 76.08 9.88 10.68
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Table 3 Pearson correlation coefficients between soil properties and heavy metal concentration in disturbed soil

Variables pH SOC EC Sand Silt Clay Co Cr Cu Fe Mn Ni Pb Zn
pH 1

SocC —0.54** 1

EC 0.12 0.16 1

Sand 0.22 —-0.65** —-046* 1

Silt —0.08 -0.21 0.27 —-0.08 1

Clay 0.02 0.35 0.86** —-0.43* 0.25 1

Co 0.07 0.05 -020 -0.12 -0.15 -0.26 1

Cr —-0.52**  0.23 0.25 -0.10 0.29 0.28 -0.06 1

Cu 0.38 0.15 0.14 -0.20 0.10 0.23 -023 -013 1

Fe -045* 0.06 -004 -0.14 -009 -0.09 0.17 0.22 -0.70** 1

Mn -040* -0.23 -0.16 022 -005 -023 0.7 0.21 —0.93*%*  0.74** 1

Ni -042*  0.87** 0.25 -0.59** -0.19 0.39 0.10 0.33 0.14 0.09 -0.23 1

Pb -0.23 0.30 0.50* -0.28 —-0.10 043 -031 -0.08 -0.26 0.35 0.14 030 1

Zn 0.17 0.21 0.31 -0.38 0.18 0.35 -0.10 0.00 0.73%* -024 -0.71** 026 -0.04 1

Where, * indicates significance at p <0.05 and ** indicates significance at p <0.01

Table 4 Pearson correlation coefficients between soil properties and heavy metal concentration in undisturbed soil

Variables  pH SOC EC Sand Silt Clay Co Cr Cu Fe Mn Ni Pb Zn
pH 1.00

SOC -0.82 1.00

EC -0.50 0.76 1.00

Sand 0.25 -072 -0.83 1.00

Silt 0.11 -051 -0.11 0.58 1.00

Clay -0.62 0.83 0.95* -0.72 -0.12 1.00

Co -0.72 0.78 0.85 -049 0.06 0.96* 1.00

Cr -0.74 0.65 083 -0.39 0.30 0.86 0.93* 1.00

Cu -0.06 043 0.89* -0.78 0.00 0.78 0.63 0.60 1.00

Fe -0.75 0.77 083 -0.67 -0.08 0.75 0.70 0.82 0.57 1.00

Mn 0.10 -044 -0.80 058 -005 -083 -076 -061 -0.88* -0.35 1.00

Ni —0.89% 0.97** 0.60 -0.55 -0.51 0.72 0.72 0.59 0.21 069 -0.28 1.00

Pb -0.49 0.32 0.25 0.21 0.36 0.50 0.71 0.59 0.08 0.08 -048 038 1.00

Zn -0.40 0.67 0.99** —0.78 —0.02 0.94* 0.85 0.82 0.94* 075 -0.87 050 031 1.00

Where, * indicates significance at p <0.05 and ** indicates significance at p <0.01

3 Results and discussion
3.1 Physicochemical characteristics and correlation with metal

The physicochemical properties of the soil samples of disturbed (rice paddy field) and undisturbed soil are presented
in Table 2. Additionally, Tables 3 and 4 summarize the correlation studies between the examined trace metals and
particular soil parameters of disturbed and undisturbed soils, respectively.

The retention and release of trace metals are predominantly regulated by soil texture [14]. The textural analysis
results showed the sand predominance in all sites, with a marked increase in the undisturbed soil. Disturbance in
terms of agricultural practices has served to change the texture by decreasing the sand content. Correspondingly,
there is an increase in the clay content (i.e., finer-grained soils) of the agricultural soil samples. Finer-grained soils
have a larger surface area and a net negative surface charge than their coarser-grained equivalents, which helps with
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the trace metals’ electrostatic sorption [42]. Increased soil aggregation and soil organic carbon retention are traits of
heavy soils. Aggregates in the soil impede the motion of solutes. Soil aggregates absorb both water and solutes due
to capillary action at work. These forces increase with soil texture fineness, soil organic carbon content, and soil dry
phase [14]. Sand dominance of the soil is likely to induce water deficit during the growing season and may affect the
earth’s productivity. Textural composition for cultivated alluvial soil at 0-15 cm depth, reported earlier from Tezpur,
Assam (Sand; 60.19%, Silt; 21.10% and Clay; 18.80%) agrees with those found in this work [43]. Usually, sand-domi-
nated soils typically exhibit spatial variation at different scales in terms of morphology, chemistry, and ecology [44].
Therefore, it is expected that there will be appreciable spatial variation in the soil quality from one site to another.

The soil is acidic at all the sites in conformity with the normally paddy-growing Assam soil. The acidifying effect of
inorganic fertilizer, lower buffering capacity and minimal soil organic content impact on acidic nature of soil [45]. Fur-
ther, lower soil pH might render heavy metal(loids) more mobile and soluble, which increases their uptake by plants
because of their comparatively higher accessibility [46]. As a whole, the research location’s acidic soil (acidic pH) might
have a considerable influence on the accessibility of HMs in soil and its uptake by plants [3]. It has also been reported
that the soil acidity in North-Eastern region of India is mainly due to the more rainfall, with other management factors
(e.g.: chemical fertilization, being comparatively minor influence) [47]. Additionally, the combination of anaerobic and
aerobic environments created by the sporadic flooding and non-flushing situations contribute to the complexity of the
soil-rice system, which in turn influences the metals’ accessibility and intake in a direct/indirect manner [3, 14]. The sur-
face soil of Tripura, India, has also been found to be acidic in nature (pH: 4.5-5.4) favouring rice-based cropping systems
[48]. For the disturbed soil, the data for the three years from 25 rice cultivated soil sites yield a mean SOC varying from
0.68 to 1.67%, a comparatively wide range. For the undisturbed soil, the mean SOC values went from 0.87 to 1.17%. Soil
organic carbon in soil provides the metals with appropriate chelating agents such that the trace metals can be held in
complex forms and made available to the plants [49].

The EC for the disturbed soil ranges from 0.05 to 0.33 mS c¢m™', and that for the undisturbed soil from 0.12 to 0.22 mS
cm™!, i.e., non-saline soil containing dissolved ions [3]. Identical outputs reported by Kettler et al. [50] and Obade and
Lal [51] have measured electrical conductivity in a range of 0.1 to 1 mS cm™' relying on the cropping practices and soil
particle size. Clay-rich soils have high electrical conductivity compared to sandy soil. In the present work, the soil had
much lower values of EC, as the soils are not clay-rich but sand-dominated.

This study observed a negative association between chromium (Cr) and pH, with correlation coefficients of — 0.52
and — 0.74 for disturbed and undisturbed soil, respectively. These findings support the idea that factors beyond pH,
such as other parameters and anthropogenic influence, have a role in determining the availability of chromium in soil.
Nevertheless, a noteworthy negative association was identified between pH and the levels of cobalt (Co), iron (Fe), and
nickel (Ni) in undisturbed soil. Several researchers have discovered a negative association between soil pH and metal’s
mobility and availability [3, 52, 53]. A noteworthy inverse correlation between Fe and pH suggested that sediments with
lower pH levels had more Fe availability. The results align with what Rahman et al. [53] found for Bangladeshi paddy
soils. Numerous investigations have demonstrated a comparatively larger accessibility to soluble Fe at lower soil pH
[52, 54]. The increase in soil acidity is associated with an elevated HMs mobility and bioavailability [55]. Consequently,
this facilitates the uptake of heavy metals by plants, posing a possible health risk to humans. Furthermore, a report has
suggested that soil pH is the primary factor influencing the solubility and mobility of chromium (Cr), lead (Pb), and zinc
(Zn) in sandy soils with a light texture [56].

The best correlation is found between SOC and Ni. SOC is positively correlated with Ni for both the disturbed soil
(r=+0.87) and the undisturbed soil (r= +0.97). It suggests that SOC has a substantial impact on the retention of Ni
by the soil, independent of whether the soil is tilled or non-tilled and whether it is summer or winter. SOC is signifi-
cantly correlated with other metals for the tilled soil, but it shows a positive correlation for the undisturbed soil with
Co (r=+0.78), Cr (r=+0.65), Fe (r= +0.77) and Zn (r= +0.67). A notably significant positive connection (p <0.05) was
discovered in agricultural soil between the elemental pairings Cu-Zn (0.73) and Fe-Mn (0.73), suggesting that these
metals had comparable origins preferably by human activities [3]. On the other hand, elemental pairing Cu-Mn (- 0.93)
and Zn-Mn (- 0.71) had a negative correlation in tilled or agricultural soil. To completely understand the physicochemical
mechanisms behind metal attachments, mobilization, and destiny of chemicals in the studied region, more investigation
is necessary (Tables 3 and 4).

Plotting of the data on the positive and negative sides of PC1 and PC2 is presented in Fig. 2. Plotting elements in close
proximity to one another indicates a strong connection, while plotting them at a greater distance indicates a weaker
relationship, with the exception of the parameters which are placed diametrically opposite to one another, which denotes
alow correlation [57]. Twenty-five samples with fourteen parameters showed five significant eigenvalues, PC1 and PC2,
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Table 5 Principal component

- Variables Disturbed Soil Undisturbed Soil
loadings
Component Component
1 2 3 4 5 1 2 3

pH -0.03 -0.759 0.201 -0.382 0.342 —0.68 0.11 -0.704
SOC 0.634 0.493 —0.51 -0.023 -0.157 0.871 —-0.387 0.282
EC 0.654 0.184 0.598 -0.168 .260 0.963 -0.002 -0.249
Sand —0.684 —-0.353 0.183 0.084 -0.333 -0.745 0.501 0.441
Silt 0.158 -0.074 0.546 0.608 0.181 —-0.147 0.912 0.032
Clay 0.742 0.198 0477 —0.088 0.115 0.99 0.073  —0.042
Co -0.222 0.099 —0.489 0.025 0.780 0.941 0.259 0.184
Cr 0.189 0.479 0.148 0.701 —0.052 0.88 0.358 0.19
Cu 0.645 —0.686 -0.166 0.118 -0.121 0.759 0.127 -0.637
Fe —-0.308 0.76 0.058 —0.081 0.182 0.836 -0.173 0.098
Mn -0.677 0.66 0.213 0.003 0.106 —-0.753 -0.336 0.44
Ni 0.653 0.486 -0.45 —0.006 —0.051 0.765 —-0.393 0.492
Pb 0.296 0.519 0.342 —-0.587 -0.219 0.433 0.624 0.486
Zn 0.708 —-0.351 -0.073 0.128 121 0.937 0.123  -0.325
%variance 28.16 24.10 13.43 10.24 7.86 63.27 15.46 14.98
Cumulative%  28.16 52.27 65.69 75.94 83.80 63.27 78.73 93.71

variance

which accounted for twenty-eight and twenty-four percent, respectively for disturbed soil. PC3 showed 13% variability,
however PC4 and PC5 showed ten percent and eight percent variability. The Eigenvalues larger than 0.5 were found
in first five components. A significant connection is believed to exist when the factor loading value is close to+/—1. It
is considered significant if value is higher than 0.5. PC1, which is displayed in Table 5, shows 35% variability regarding
significant loadings for EC, SOC, clay, sand, Cu, Ni, Mn and Zn. Significant loadings of Fe, Mn, Pb, Cu and pH were linked
to 24% variability in PC2. EC and silt are loaded into PC3, whereas PC4 is packed with silt, Cr and Pb. PC5 loaded with
Co. PC1 showed notable cations from both natural and anthropogenic sources, as shown by systematic data analysis.
On the other hand, five samples with fourteen parameters showed three significant eigenvalues, PC1 and PC2, which
accounted for sixty-three and fifteen percent, respectively for undisturbed soil. PC3 showed 15% variability. PC1, which
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is displayed in Table 5, shows 63% variability regarding significant loadings for EC, SOC, clay, Co, Zn, Cr, Fe, Cu, Ni, sand,
pH and Mn. Significant loadings of silt and Pb were linked to 15% variability in PC2, while pH and Cu are loaded into PC3.

3.2 Comparison of the metal concentrations with the world averages

The level of HMs found in this work is compared to the global average data provided by Kabata-Pandias [58]. The con-
centration of Ni is excessively higher than the worldwide average. The investigation’s measured mean concentrations
of Ni and Fe were more significant compared to those found in the rice soil of Haryana [27] and Murshidabad district,
West Bengal [59]. The average value of all HMs in soil samples was somewhat less than the comparable baseline values in
reference soil.

The pH is a vital soil parameter influencing the availability of Ni [60]. Low pH levels in soil may rise Ni toxicity in soil-
grown plants as more Ni would go into the soil solution [61]. Lower deviations from the world averages are observed for
both all-season averages and the all-site averages of Cr, Mn and Zn. The lowest concentration of Zn in agricultural sandy
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soil was found by Baize [62]. A lower concentration of Mn is very rare for agricultural soil. Flooding, however, can poten-
tially raise soil pH and reduce Mn uptake [63]. Since the overall Mn content of acid soils is often low, plants are typically
not exposed to Mn toxicity [64]. The levels of Cu, Ni, and Pb may be greater than the global norms due to the overuse of
various pesticides and fertilizers, particularly phosphate fertilizers [65].

3.3 Ecological risk assessment through pollution indices Contamination factor (Cf)

3.3.1 Contamination factor

The contamination factors of the disturbed soil and the undisturbed soil are presented location-wise in Table S1 and
Fig. 3 and season-wise in Table S2 and Fig. 4. The CD and Cf are employed to investigate contamination level and the
impact of human activity on soil quality by individual elements [66]. The mean values taken from the data for all the

seasons indicate that Cf < 1.0 for Cr, Fe, Mn and Zn for both types of soil and therefore, the soil has deficient contamina-
tion levels of these four metals. The disturbed soil and the undisturbed soil are moderately contaminated concerning
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Cu and Pb (1 <Cf< 3) for all seasons and sites. In the case of Co and Ni, all the areas (disturbed and undisturbed) have
considerable pollution levels (3 < Cf < 6) (Fig. 5). Cr, Fe, Mn and Zn contamination of the soil is low with Cf< 1 for all the
seasons (Table S2). Moderate contamination is observed with Cu, Ni and Pb in most seasons (1 < Cf < 3). Soluble Fe-Mn
oxide proportion from deposition of home, industrial, and agricultural sewages and increased sedimental persistence
of soluble oxide account for the frequently elevated Pb levels detected in this study compared to Ni and Cu [67]. The soil
has considerable contamination (3 < Cf < 6) from Co, particularly for the disturbed soil.

The higher Cf observed in the summer (rainy) season is also compatible with the data of Naveedullah et al. [68], who
determined agricultural soil contamination due to HMs from Yuhang County, Zhejiang, China. Higher Cf value in the sum-
mer season may be due to input of the metals from stormwater discharge and severe erosions by the runoff [69]. Morrison
et al. [70] have reported that the poor vegetation cover of the soil can be a contributing factor to Ni-accumulation in the
soil. Cobalt is quickly taken up by organic matter in the soil, increasing its content in the soil [71].

It was reported that Zn availability concerning Cf are lower than reference values in all sites and seasons. The paddy
fields are generally known for deficiency of Zn throughout Asia [72]. It is suggested that under constantly flooded condi-
tions, the formation of the relatively insoluble zinc sulfide is promoted under strongly reducing conditions, decreasing
the available Zn contents. Opper is usually related to applying commercial fertilizers for the soil [73] and longer-duration
use of Cu-based pesticides and fungicides, leading to their accumulation in the soil [74]. On the other hand, fallout and
emissions from industries and vehicular exhausts could be the primary sources of Pb contamination of agricultural soil
[75]. Mineral fertilizer application is also behind the increase in Pb levels in soil [76], and P-fertilizers have often been
considered the primary source of Pb input to the cultivated soil [77].

3.3.2 Degree of contamination

The location-wise (from all-season means) and season-wise (from all-location mean) distribution of CD for the disturbed
soil and the undisturbed soil are presented in Tables S3 and S4, respectively. The nature of variation of CD in the two
cases is presented in Fig. 6. The CD of the disturbed soil is from T15 (10.71) to T22 (14.72). The CD at the sites T22, T11,
T4,T6,T21,T1,T2,T7,T25,T17 and T23 is considerable and belong to the category 12 <CD < 24 (considerable degree
of contamination) while the sites T20, T5,T13,T19,T18,T8,T24,T12,T16,T9,T10,T3 and T15 indicate moderate level of
contamination with 6 <CD < 12 (Tables S3 & S4). In the case of undisturbed soil, the CD is from NT5 (9.95) to NT3 (12.53),
and only NT3 falls in the level of considerable degree of contamination. In contrast, the other undisturbed sites depicted
moderate contamination.

CD for the seasons S1, W1, and S3 showed considerable contamination with 12 < CD < 24), while the seasons W3, S2
and W2 showed moderate levels of contamination with 6 <CD < 12. For the undisturbed soil, CD-based contamination
levels are intermediate CD in all seasons. The high degree of contamination (CD) of the sampling sites might have been
due to metal contamination, especially Co, Ni and Pb. The undisturbed soil showed a comparatively lesser degree of con-
tamination because these sites were free from physical or chemical disturbances. On the other hand, applying chemical
pesticides and fertilizers might have been responsible for the increased contamination level of the disturbed soil [78].
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The quantity of clay in soil and the organic carbon content are crucial in determining the metals’ distribution and
behaviour. According to Ma et al. [79], soil worm uptake of lead can be significantly impacted by pH and organic matter
concentration. Compared to soils with greater levels of these characteristics, this may be especially powerful in soils with
lower pH and organic matter. High Co levels (122 mg kg™ in Australia and 116 mg kg™ in Japan) have been reported in
soils; these findings have been linked to pollution or particular enrichment in roadside soils and street dust, which are
known to be enriched in Co [64]. A critical source of Ni may be the usage of phosphate-based fertilizers and sludges. In
addition, synthetic sources of Ni, particularly those derived from industrial production, have led to a notable rise in soil
Ni concentration [68].

3.3.3 Enrichment factor (EF)

The EF generally utilized to determine the degree of human influence and distinguish factors originating from both
human and natural origins [67]. The location-wise and the season-wise distribution of EF of the disturbed and the undis-
turbed soil are presented in Tables S5 and S6, respectively. The variations are also shown in Figs. 7 and 8. The location-wise
enrichment levels of Co can be interpreted as very severe for both the disturbed soil and the undisturbed soil (25 < EF <50)
with the exception of the undisturbed site, NT5 which can be categorized as severe enrichment (10 < EF < 25) (Fig. 9).
The seasonal Co enrichment is also very severe for the disturbed and the undisturbed soil (25 < EF < 50), except for the
undisturbed soil in W2 season where severe enrichment (10 < EF < 25) is seen (Fig. 9). Cr has moderately high enrichment
factor (5 <EF < 10) for the disturbed soil sites of T22,T16,T20,T18,T23,T11,T13,T21,T12,T5,T15,T10,T2,T4,T17,T14,
T8,T3,T9, T25,T24 and for the undisturbed soil sites of NT3, NT2, NT1, NT4 in that order (Fig. 9). Moderate enrichment
(3<EF<5) is observed for the disturbed soil at T19, T6, T1 and T7, as well as the undisturbed soil at NT5. Considering
season-wise Cr enrichment, moderately sever enrichment (5 <EF < 10) is observed in the seasons, S1, S2, W2, S3 and
W3 for the disturbed soil and S1, S2, W2 and S3 for the undisturbed soil. Only moderate Cr enrichment (3 <EF <5) is
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observed for the season, W1 for the disturbed soil and the seasons, W1, W2 for the undisturbed soil. The location-wise
Cu enrichment is severe (10 < EF < 25) for the disturbed soil sites of T8, T14,T5,T11,T2,T16,T7,T15,T4,T6,T29,T9,T10,
T17,T22,T13 and the undisturbed soil sites of NT5 and NT3 (Fig. 9). Moderately severe enrichment (5 <EF <10) of Cu is
observed for the disturbed soil at T3, T21,T12,T1,T18,T25,T24,T19, T23 and for the undisturbed soil at NT2, NT1 and
NT4 in that order (Fig. 9).

The seasonal Cu enrichment is severe (10 < EF < 25) for the disturbed soil in the seasons S1, W1, S2, S3, W3 and
for the undisturbed soil in the season, S3 (Fig. 8). The disturbed soil in W2 season and the undisturbed soil in the
seasons S1, W1, S2, W2, S3 show moderately high enrichment (5 < EF < 10). Mn shows moderately high enrichment
(5 <EF < 10) for the disturbed soil sites, T12,T24,T19,T23,T18 and T25 followed by moderate enrichment (3 <EF <5)
forT21,T3,T13,T15,T9,T1,T10,T6,T16,T4,T20,T17,T22,T2,T7,T5,T11,T8 and T14 (Fig. 9). For the undisturbed soil,
moderate Mn enrichment (3 <EF < 5) is observed for NT2, NT4, NT5 and NT1 and minor enrichment for NT3. With
respect to seasonal distribution, no enrichment of Mn (EF < 1) is observed for all the seasons of the disturbed soil
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and the seasons, W1, S2 and W2, for the undisturbed soil. Only moderate Mn enrichment (3 < EF < 5) is observed for
the seasons, S1, S3 and W3 for the undisturbed soil (Fig. 9).

For the disturbed soil, Ni shows very severe enrichment (25 < EF <50) for T22, T11, T4 and T5 in that order and
severe enrichment (10 <EF < 25) forT21,T25,T6,T2,T13,T1,T23,T7,T14,T8,T20,T12,T10,T9,T18,T16,T15,T19, T3
and T4. In case of the undisturbed soil, all the sites could be categorized as having severe Ni enrichment. With respect
to seasonal enrichment, severe Ni enrichment (25 < EF < 50) is observed in the season S1 for the disturbed soil and
S1and W2 for the undisturbed soil (Figs. 8 and 9). Severe Ni enrichment (10 < EF < 25) is seen for the seasons, W1, S2,
W2, S3 and W3 for the disturbed soil and W1, S2, S3 and W3 for the undisturbed soil. All the disturbed soil and the
undisturbed soil have severe Pb enrichment (10 < EF < 25). The seasonal enrichment of Pb is also severe (10 < EF < 25).
For the disturbed soil, Zn has moderately severe enrichment (5 <EF < 10) for T14, T8, T11 for the disturbed soil and
NT4 for the undisturbed soil. Moderate enrichment (3 < EF < 5) is observed for the disturbed soil at T16,T7,T22,T17,
T4,T2,T20,T1,T13,T15,T9,T6,T3,T12,T10,T21,T5,T25, T8, T24 and T23, and for the undisturbed soil at NT5, NT4,
NT2 and NT1. Only minor enrichment is observed for the disturbed soil site of T19. Moderate seasonal enrichment
(3<EF <5) of Znis observed in all the seasons of the disturbed and the undisturbed soil, except that Zn enrichment
is minor for S3 season of the undisturbed soil.

EF values close to unity usually indicate that the soil is of crustal origin and is not contaminated. If the EF > 10, the
soil is considered to be of non-crustal source having large anthropogenic influence and if EF < 1.0, it suggests a possible
mobilization or depletion of the metals [80]. Application of animal manure may have introduced high levels of Cu and
Zn. These metals may have come from the animal nutrition/drugs used to boost animal growth and to prevention of
disease [81], and pesticides or fungicides that contain high levels of Cu [41]. It has been reported that accumulation of

@ Discover



Discover Environment (2024) 2:13

| https://doi.org/10.1007/s44274-024-00039-z

Research

Fig. 10 Location-wise eco- 08
logical risk index (Eri) for dis-
turbed and undisturbed soil

06

04

0.2

e 9 e O
N A ® ®mmo o

Ecological risk index(Er) values
o
°

o N A O

05
0.0

20

Fig. 11 Season-wise eco-
logical risk index (Eri) for dis-
turbed and undisturbed soil

25 4

Ecological risk index(Er) values

N
o

N
v

-
S)

o)

S1

Disturbed soil

W1

T12
T13
T14
T15
T16
7
T18
T19
T20
T21
T22
T23
T24
T25

Undisturbed

soil

S2 W2 S3 W3 S1
Sampling Seasons

W1

NT1
NT2
NT3
NT4F
NT5

mCo
uCr
=Cu
=Mn
= Ni
mPb

wZn

S2 W2 S3 W3

@ Discover



Research Discover Environment (2024) 2:13 | https://doi.org/10.1007/s44274-024-00039-z

Co R

Legend Legend
Co Mn.tif
W 1425-1702 035050
17021803 050054
[CJis03-1859 Coss-0s8
i B 18.59- 1934 [ p———r B 1 40-147 e p—i Bl 6ss-753 B 0s9-066
° 3 ¢ 2am . 1934-2221 ° 3 H 2k 768 ° s 6 2km . 753 -899 ° 3 ‘ 2m 1 066 -0.78
Ni R Pb & Zn }N\
Legend Legend
Ni ) Zn
[ EATISTES] Boo- 142 B 035047
ERns-ne B na2-n9 B 047-050
CJ1264-1353 CJne-1250 [Joso-054
——— [ 13531538 —_— I 1250- 1323 e [l 0s4-060
& 5 s . sas- 2242 % X e 12im 13231498 ° 3 e 12im . 060075
Fig. 12 Spatial distribution ecological risk index (Eri)for the disturbed and the undisturbed Soil
Fig. 13 Season-wise (top) 60 )
and location-wise (bottom) | Disturbed sol Undisturbed soil
potential ecological risk index 3
(PERI) 3
‘>‘ H H
g {
w
i D J a0
X
g L LLLILL 1. ININININEE
= S1 W1 82 W2 83 W3 S1 W1 S82 W2 83 W3
§ Sampling Seasons
E 70 4
2 * et Undisturbed sol
8 60
o {
T 55
S 50|
° .|
T e IMANRRT f
O NP RerePo- P Ile-22RANRAR 5;;;@ .

Cd and Zn in soil could strongly stimulate by the dissolved phosphorous [82]. It may also be account of the extensive
application of phosphate fertilizers [83].

3.3.4 Potential ecological risk index

Generally, the PERI was applied to evaluate the effect of heavy metal in the sediment with their ecological and toxicologi-
cal impact. This method is utilized to estimate the contamination levels in the sediments as well as combined effects of
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ecology and environment with toxicology for a significant determination of the possible risk of heavy metal accumula-
tion in the soil [39]. The location-wise and season-wise ecological risk index (Eri) values are presented in Tables S7 and
S8, respectively, and their variations are shown in Figs. 10 and 11, respectively. In this work, all the sampling sites and
seasons offer low ecological risk (Eri <40) (Fig. 12). Potential environmental risk index data are summarized in Tables S9
and S10 for location-wise and season-wise distribution and their variation patterns are presented in Fig. 13. Again, it is
observed that location-wise and season-wise PERI is < 95, signifying the low level of ecological risk. Still, more specifically,
higher accumulation of accumulation of Co, Pb and Ni may pose a threat to the ecosystem shortly. According to PERI
and Eri’'s general findings, soils may be at risk of pollution soon. This could be the result of applying agricultural inputs
progressively, such as fungicides, pesticides, contaminated fertilizers, and irrigation water, which also can increase the
load of heavy metals and cause heavy metal pollution in agricultural soil [84].

4 Conclusion

In the case of other metals, the quantity of Ni in both the disturbed and the undisturbed sites is excessively higher than
the worldwide average. Higher deviations from the world averages are observed for both the Co and Pb concerning
the all-season and all-sample are averages. Lower deviations from the world averages are observed for both all-season
averages and the all-sample averages of Cr, Mn and Zn. Frequent use of phosphate fertilisers may be responsible for
higher levels of Cu, Ni and Pb, giving them much higher values than the world averages. The risk assessment results
indicated that the undisturbed soil showed a comparatively lesser degree of contamination because these sites were
free from physical or chemical disturbances. On the other hand, applying chemical pesticides and fertilisers might have
been responsible for the increased contamination level of the disturbed soil. The findings will be beneficial in assess-
ing the quality of agricultural soil and determining appropriate farming methods to ensure the production of safe
crops while safeguarding the natural world and human well-being.
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