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Abstract Our study aimed to assess the soil quality 
in Punjab’s Hoshiarpur district through a meticulous 
analysis of nutrient and elemental composition. Using 
a variety of analytical techniques, including Neutron 
Activation Analysis (NAA), external Particle-induced 
Gamma-ray Emission (PIGE) an Ion beam analysis 
Technique, and energy-dispersive X-ray fluorescence 
(ED-XRF), we delved into soil characterization for 22 
agricultural soil samples in the Punjab region. Within 
the NAA framework, utilizing the Pneumatic Carrier 
Facility and the self-serve facility at Dhruva reactor 
in Mumbai, a brief 1-min irradiation procedure iden-
tified pivotal elements—Na, Mg, V, Al, Mn, and K. 

Conversely, an extended neutron irradiation process 
of approximately 4  h within the self-serve facility 
enabled the estimation of nearly 12 elements, includ-
ing Rare Earth Elements (REEs), Transition elements, 
and other significant elements. The external PIGE 
technique quantified low Z elements (Na, Mg, Al, 
and Si), contributing to our analytical arsenal. Rigor-
ously validating both NAA and PIGE methodologies, 
we compared results meticulously against established 
geological standard reference materials—specifically 
USGS RGM-1 and USGS AGV-1.Instrumental in 
elemental analysis, ED-XRF spectroscopy fortified 
our investigative endeavors by quick assessment of 
ten crucial elements. The elemental analysis revealed 
notable accumulations of Mn and Zn in the soil, sur-
passing the suggested permissible limits, whereas Co, 
Cr, and Pb were found to be within the recommended 
thresholds set by WHO/UNEP. Beyond elemental 
profiling, our study extended to estimate the accumu-
lation levels of various elements utilizing ecological 
risk factors such as Contamination Factor, Potential 
Ecological Risk Index, Pollution Load Index, and 
Geoaccumulation Factor. Our findings highlighted 
significant accumulation of REEs including La, Sm 
and Yb.. This evaluation sheds new light on the inter-
play between soil composition and environmental 
health, emphasizing the need for advanced accessible 
agricultural technologies to prevent and forecast con-
taminant discharge in arable soil. This commitment 
aligns with our broader goal of advancing sustainable 
practices in soil management.
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Introduction

Comprehending soil quality involves exploring its 
diverse functions in the natural environment. Soil is 
responsible for recycling nutrients, managing rainwa-
ter flow, and providing ecosystem stability (Vasu 
et al., 2020). Soil holds different definitions depend-
ing on the field, such as scientists who study its physi-
cal, chemical, and biological traits that impact its 
quality (Lehmann et  al., 2020). Their focus is on 
examining the interplay of these factors in soil health. 
Recently, soil degradation has emerged as a critical 
concern, particularly in arable land, attributed to 
imbalances in the soil’s essential macro and microele-
ments. This imbalance, subsequently reflects in crops, 
and may contribute to various health hazards. Over 
95% of food supplements are derived from the soil, so 
attention to this issue becomes imperative. Soil nutri-
ent assessment is necessary to promote sustainable 
and economically viable agricultural practices (Gruhn 
et al., 2000; Solangi et al., 2023). The current global 
population of 7.6 billion is projected to surge to 9.3 
billion by 2050 (Dey et  al., 2023, Alexandratos and 
Bruinsma, 2012). As this population growth contin-
ues, there will be heightened demands on land and 
water resources worldwide (Pimentel et  al., 2004). 
This poses significant challenges for numerous coun-
tries like India striving to attain sustainable food 
security, primarily due to limited per capita land 
availability, scarcity of freshwater resources, and 
impacts of climate change. Moreover, these chal-
lenges are intensified by significant degradation of 
soil quality (Rosegrant et al., 2009). In India, Punjab 
is celebrated as one of India’s leading states in agri-
cultural production. During the Green Revolution, 
Punjab has unfortunately witnessed indiscriminate 
use of pesticides and fertilizers in its soil over the 
years (Kesavan and Swaminathan, 2008; Swamina-
than, 2017). Previous research conducted in the 
Hoshiarpur region of Punjab, India (known for its 
seleniferous land) revealed that agricultural land was 
impacted by elevated levels of selenium (Se), which 
was taken up by various crop plants including wheat, 
maize, rice, and their by-products, thus entering the 

human food chain. Farmers utilize various agricul-
tural methods aiming at optimizing crop production. 
However, insufficient understanding of crop nutrient 
requirements frequently results in the overuse of ferti-
lizers, leading to considerable degradation of soil 
quality (Sharma et  al., 2009; Gupta et  al., 2023). 
While this issue and sources remains unaddressed 
and its possible reasons was exacerbated by cropping 
pattern shifts, watershed influences from the Shivalik 
mountains, and irrigation practices used by farmers. 
Therefore, the need for soil assessment in the state’s 
district has become imperative to understand and 
address the impact of these agricultural practices 
(Shikha et  al., 2023). (Haruna and Yahaya, 2021) 
conducted a study indicating the potential for nutrient 
accumulation in plants from soil. This is attributed to 
the inherent ability of plants to transform inorganic 
forms into diverse organic species, such as bioactive 
compounds. These compounds can impact the plant 
and consumer when present in excess and can have 
significant implications for human nutrition and 
health. However, when nutrient levels in the soil 
exceed tolerable limits, it can lead to a toxic nature 
(Abrahams, 2002). The specific outcome varies 
depending on the digestibility of various food pro-
teins and the composition of compounds in a given 
plant. To assess geological samples, conventional 
analytical techniques are employed, such as wet-
chemical methods which require the dissolution of 
samples through strong acids and often involve intri-
cate procedures, especially when dealing with com-
plex matrix samples. To avoid these destructive, and 
time consuming methods, more advantageous 
approaches can be utilized for the analysis of geologi-
cal samples especially soil. This approach offers ben-
efits such as eliminating reagent blank corrections 
and reducing sample handling. (Balaram, 2021; Mae-
nhaut, 1992) Other analytical methods are also 
employed, such as Atomic Absorption Spectroscopy 
(AAS), Scanning Electron Microscopy Energy Dis-
persive X-ray (SEM–EDX), and Laser Ablation 
Inductively Coupled Plasma Mass Spectrometry (LA-
ICP-MS) for the chemical characterization of samples 
(Maenhaut, 1992; Melaku et  al., 2005; Lee et  al., 
2003; Bacon et al., 2023). In addition, Electron Probe 
Microanalysis (EPMA) and Atomic Emission Spec-
troscopy (AES) are also used for this purpose (Lee 
et al., 2003; Yang et al., 2022). As dicussed, numer-
ous procedures and techniques exist for determining 
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soil fertility parameters in the laboratory, while many 
suffer from analytical challenges and operational inef-
ficiencies. These issues encompass problems related 
to consistency, dependability, time consumption, and 
labour intensiveness. As an alternative, using nuclear 
technology for analysis of soil presents a promising 
solution. This approach demands minimal sample 
preparation, offers swifter results, non-destructive-
ness, and a safe working environment. Moreover, it 
extends beyond macro and microelements. It simulta-
neously measures other trace elements, including rare 
earth elements, heavy elements, transition elements, 
etc. enhancing its appeal as a comprehensive and effi-
cient method for soil analysis (Sharma et  al., 2021). 
In the realm of nuclear analytical techniques, methods 
like (Instrumental Neutron Activation Analysis) 
INAA, Ion Beam Analysis (IBA), Particle Induced 
X-Ray Emission (PIXE), PIGE, and Prompt Gamma 
Neutron Activation Analysis (PGNAA) are com-
monly employed for the analysis of solid samples. 
Among the different techniques available, both INAA 
and PGNAA stand out because they minimize matrix 
effects and offer comprehensive chemical characteri-
zation. These methods can simultaneously determine 
elements across a wide concentration range, from 
major to trace levels. Nuclear and radio-analytical 
techniques offer the advantage of depth penetration 
into the sample due to the high penetration power of 
neutron and gamma rays (Peng et  al., 2022; Verma, 
2007). PGNAA and NAA methods deliver bulk sam-
ple results. However, IBA techniques, including PIXE 
and PIGE, are gaining popularity for online measure-
ments of direct or pellet samples, facilitating both 
qualitative and quantitative analyses (Amonette and 
Sanders, 1994). The interaction of charged particles 
with matter in IBA techniques causes nuclear and 
atomic excitation of the sample’s elements. PIGE is 
excellent for certain isotopes and is particularly profi-
cient in determining the low atomic number (Z ≤ 16) 
elements, such as Boron, Lithium, Fluorine, Sodium, 
Aluminum, Magnesium, Silicon, Phosphorus, and 
Sulfur (Dhorge et al., 2017; Samanta et al., 2020). It 
measures prompt gamma rays produced by inelastic 
scattering and nuclear reactions. In contrast, PIXE 
determines medium to high atomic number (Z > 15) 
elements. For a comprehensive analysis of direct 
samples in powder form and the simultaneous deter-
mination of numerous trace-level elements, highly 
sensitive techniques like INAA are indispensable. 

INAA methods entail irradiating the sample using 
high-flux neutrons. They can able to quantify from 
low to medium and high atomic number elements 
(likely Na to Th), including transition elements and 
Rare Earth Elements (REEs) etc. with exceptional 
sensitivity and low detection limits using high-resolu-
tion gamma-ray spectrometry with HPGe detectors 
(Chambhare et  al., 2021; El-Taher, 2018). In this 
study, we apply nuclear analytical techniques (INAA), 
ion beam methods (PIGE), and X-ray fluorescence 
methods: ED-XRF (Custo et  al., 2005) to assess the 
soil quality and composition of arable lands in the 
Hoshiarpur region of Punjab. Our analysis covers 26 
elements, including major, minor, and trace elements, 
aiming to understand potential environmental health 
implications. This comprehensive approach ensures a 
detailed exploration of soil characteristics, maintain-
ing clarity and uniqueness in our research.

Sample sites

Hoshiarpur District showcases an alluvial plain as its 
prominent physiographic unit, nourished by the Beas 
and Sutlej Rivers, with significant drainage systems. 
The district witnesses an average annual rainfall of 
938  mm, with variations in distribution and irriga-
tion in this region primarily relies on rainfall, Tube 
wells and canal networks. The Shivalik mountain 
range flanks the district to the northeast, influencing 
the region’s overall climate and natural habitat. The 
geological map of Punjab highlighting Hoshiarpur 
is shown in Fig.  1 with the sampling locations. The 
samples were taken from agricultural soil of differ-
ent villages of the district. The chosen 22 sites were 
deliberately selected to reflect regions characterized 
by comparable cropping practices typical among local 
farmers. Differences between these sites are probably 
due to variations in farmers’ use of different fertiliz-
ers and individual application practices. Disparities 
among the chosen sites were predominantly linked to 
variations in fertilizer types and quantities utilized on 
a per-hectare basis.

Sample collection and preparation

The uppermost layer of soil, or topsoil, was col-
lected from a depth of 10 to 15 cm. After removing 
organic debris and vegetation, 22 soil samples were 
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obtained using a spatula and V-shaped sampling. 
The samples were sun-dried, crushed into fine 
particles, and oven-dried at 105  °C for 14  h until 
a constant weight was reached. They were sieved 
through a 1.5 mm mesh for uniformity and sealed in 
labeled zip-lock polythene bags. Along with study 
area visual representation, the details of sample 
collection was tabulated (Table  1). In this region, 
the predominant land use system involved growing 
a mixture of food and fodder crops. The primary 
food crops cultivated include maize (Zea mays L.), 
wheat (Triticum aestivum L.) and fodder crop was 
barley (Hordeum vulgare L.), sorghum (Sorghum 
bicolor L.). The selected soil samples in this study 
involving food crop cultivation and  almost all farm-
ers predominantly use chemical fertilizers, such as 
nitrogen-based urea and Diammonium Phosphate 
(DAP). The samples that were collected over the 

past several decades exhibit a consistent cropping 
pattern, with the same described crop cycle.

Materials and methods

INAA

Irradiation was conducted using the pneumatic 
carrier facility (PCF), with the samples weighing 
approximately 6 mg, additionally, a self-serve facil-
ity (SSF) was employed, with the samples weighing 
around 75  mg (Acharya and Pujari, 2019). Along 
with the samples, geological certified reference 
materials were also irradiated in an identical man-
ner. In the case of PCF, the irradiation procedure 
involved neutron flux of ~  1013 neutrons per square 
centimetre per second subjecting bunch of soil sam-
ples and certified reference materials (packed inside 

Fig. 1  Illustrates the visual representation of the study area map
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a high density polypropylene capsule) for 1  min 
irradiation to achieve the desired level of activa-
tion for analysis of short- lived (sec to min) radio-
isotopes. Following irradiation, the samples and 
certified reference materials underwent repackaging 
and re-weighing and were subsequently mounted 
on a Perspex plate for short counting (around 
1  min) followed by 1  h cooling and recounted for 
medium-lived isotopes (About ~ 30  min) (Acharya 
and Pujari, 2019). In self-serve, each sample (soil 
samples and certified reference materials) was indi-
vidually enveloped in pure aluminium foil, ensuring 
separation, and subjected to co-irradiation within 
a sealed aluminium can for a duration of 4 h. This 
procedure occurred at the Dhruva research reac-
tor, boasting a flux of approximately  1013 neutrons 
per square centimetre per second. Following an 
appropriate cooling period exceeding four days, the 
samples and reference materials underwent clean-
ing (to restore all its sample mass) from old alu-
minium sheet which was irradiated and the samples 
were again wrapped in new aluminum foil to avoid 

unwanted peaks originated from aluminium sheet. 
The freshly wrapped samples was placed on a Per-
spex plate, ensuring consistent detector geometry to 
minimize the error during counting of gamma rays. 
The characteristic gamma rays emitted by the acti-
vation products of the respective analytes from both 
PCF and SSF were measured using a 40% relative 
efficiency high-purity germanium detector (HPGe) 
coupled to a PC-based 4 k Multi-Channel Analyzer 
(MCA). The analysis of peak areas was conducted 
with precision using the peak-fit method through the 
utilization of the Pulse Height Analysis Software 
(PHAST), an innovative tool developed at BARC. A 
typical gamma-ray spectrum of a soil sample sub-
jected to neutron irradiation in the research reac-
tor is illustrated in Figs.  2 and 3, utilizing INAA 
(SSF and PCF), respectively. The relative method 
determined the elemental concentrations for both 
facilities in the samples. This involved comparing 
the decay-corrected count rates of the samples to 
the count rates of standard reference materials, as 

Table 1  Description of sample collection, Fertilizers used and crop cycle from different villages of Hoshiarpur district

Sampling code Name of Village Latitude Longitude Fertilizers used Crop type

V-1 Rattanpur 31°14′47.7" 76°15′36.9" DAP + Urea + Gobar Khad Food crop
V-2 Kunail 31°12′57.8" 76°13′05.6" DAP + Urea + Gobar Khad Food crop
V-3 Saddarpur 31°12′55.0" 76°11′28.8" DAP + Urea Food crop
V-4 Birampur 31°13′55.8" 76°10′04.4" DAP + Urea + Potash Food crop
V-5 Bathehar 31°53′35.7" 75°54′54.8" DAP + Urea Food crop
V-6 Bringli 31°53′05.5” 75°55′34.1" DAP + Urea Food crop
V-7 NamoliHar 31°57′33.2” 75°48′39.7” DAP + Urea Food crop
V-8 Sandhwal 31°57′54.3” 75°44′26.2” DAP + Urea + Potash Food crop
V-9 Patial 31°57′32.3” 75°40′08.4” DAP + Urea + Zn Food crop
V-10 PindSahibka 31°53′54.7” 75°37′39.1” DAP + Urea + Potash Food crop
V-11 Manak, 31°50′19.7” 75°39′12.1” DAP + Urea Food crop
V-12 Dasuya 31°49′18.6” 75°40′13.9” SSP + Urea Food crop
V-13 Bahtiwala 31°46′15.5” 75°45′08.0” DAP + Urea + Gobar Khad Food crop
V-14 Sehjowal 31°43′25.9” 75°47′42.4” DAP + Urea + Potash + Zinc Food crop
V-15 Abowal 31°41′12.3” 75°47′38.4” Urea + DAP + Gobar Khad Food crop
V-16 Adamwal 31°36′45.1” 75°51′36.4” DAP + Urea + Gobar Khad Food crop
V-17 Hazipur 31°38′56.0” 75°49′46.6” SSP + Urea + Gobar Khad + Potash Food crop
V-18 Hoshiarpur-1 31°32′00.5” 75°56′14.8” DAP + Urea + Potash + Zinc Food crop
V-19 Bassi 31°28′44.8” 76°00′41.3” DAP + Urea Food crop
V-20 Gopal 31°32′00.8” 75°55′08.9” DAP + Urea + Potash + Gobar Khad Food crop
V-21 Bajwara 31°31′01.2” 75°57′18.4” SSP + Urea + Gobar Khad Food crop
V-22 Hoshiarpur-2 31°31′02.4” 75°57′16.3” DAP + Urea + Gobar Sulphur + Potash Khad Food crop
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expressed in the following equation (Sharma et al., 
2022):

Here, ‘mx.sample’ represents the mass of a specific 
element in the sample for elemental analysis, ‘m,std’ is 

(1)m
x.sample=mstd .

cpsx.sample

cpsx.std
⋅

Dstd

Dsample

the mass of the standard, cps denotes counts per sec-
ond for the standard and sample gamma rays respec-
tively i.e.  cpsx,sample and  cpsx,std, while ‘D’ represents 
the decay constant for the particular element in sam-
ple and standard i.e.  Dsample and  Dstd respectively. The 
decay constant is crucial for adjusting the impact of 
radioactive decay on the elements.

Fig. 2  Typical gamma-ray 
spectra of soil sample after 
1 min irradiation by neutron 
beam
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Fig. 3  The typical gamma-
ray spectrum of the soil 
sample utilizing self-serve 
facility
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The absolute elemental mass of the element in 
the sample was then converted to relative concentra-
tion, estimated in units, namely mg/kg and % (by wt), 
which was achieved by dividing it by the total sam-
ple mass. Figures  2 and 3 illustrate a representative 
gamma-ray spectrum obtained from a soil sample 
using PCF and SSF, respectively. Upon irradiating the 
soil sample, we estimated the elements, namely Na, 
Al, Mg, V, Mn and K. After irradiating the sample for 
about 4  h (utilizing SSF), almost 12 elements were 
identified, including REEs and other trace elements 
namely Co, Ta, Na, Ca, Hf, Ba, Sb, Sc, Eu, La, Sm 
and Yb.

IBA (PIGE)

The PIGE experiment utilized a 5 MeV proton beam 
from the Folded Tandem Ion Accelerator (FOTIA), 
BARC, directed through the beam line into one side 
of the vacuum chamber. Thin tantalum achieved 
the beam cut-off energy at 1.25 MeV, and the final 
beam energy right after the exit window reached 
3.75  MeV. For optimal focusing, a tantalum colli-
mator with a 2 mm aperture was positioned on the 
exit side of the window, concentrating the proton 
beam to a size of 2  mm. The target, comprising a 
soil sample or reference material, was affixed to the 
tantalum collimator (2 mm) and subjected to irradi-
ation using a 3.75 MeV proton beam with a current 
of approximately ~ 7 nA. A 40%, relative efficiency 

HPGe detector was used to measure the character-
istic prompt gamma-rays at a  900 angle to the beam 
direction. Throughout the experiment, fluctuations 
in beam current were monitored by assessing the 
count rate of the 135  keV gamma line from 181Ta 
(the window material). Quantification of four ele-
ments, namely Si, Na, Al, and Mg was achieved 
through their characteristic gamma lines derived 
from (p, p′γ) inelastic scattering reactions: 28Si (p, 
p′γ) 28Si; 23Na (p, p′γ) 23Na; 27Al (p, p′γ) 27Al, and 
25Mg (p, p′γ) 25Mg, utilizing their respective inten-
sities at 1779 keV, 440 keV, 1014 keV, and 585 keV. 
Figure 4 illustrates a representative prompt gamma-
ray spectrum obtained from a soil sample using the 
external (in air) PIGE setup. In order to quantify 
elements, USGS AGV-1 and USGS RGM-1 geolog-
ical certified reference materials were packed sim-
ilarly. In this work, the total concentrations in the 
sample were determined by relative method. The 
sample concentrations were determined by the fol-
lowing calculation shown in Eq. 2 (Raja and Acha-
rya, 2023).

where “Cx,sample” is the sample’s elemental concentra-
tion, and CPS is the count rate of the analyte in the 
standard sample. i.e.CPSx,std , in sample i.e. CPSx,sample 
and in Tantalum window i.e. “(CPSTa)” is the count 
rate of Ta at 136 keV during irradiation of standard 
material and sample i.e.  (CPSTa)std and  (CPSTa)sample, 

(2)C
x.sample=

CPSx.sample

CPSx.std
.

(CPSTa)std

(CPSTa)sample

× Cx,std

Fig. 4  Typical gamma-
ray spectrum of a soil 
sample in the external PIGE 
method (in the air) using 
a ~ 3.5 MeV proton beam
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“Cx,std” is the known standard elemental concen-
tration for a particular analyte. The typical prompt 
gamma-ray spectrum as illustrated in Fig.  4 after 
the sample is irradiated by a proton beam of energy 
3.75 MeV.

ED‑XRF

In the context of Energy Dispersive X-ray Fluores-
cence -ED-XRF, the samples and standards (each 
weighted 200 gm) underwent irradiation employing 
X-rays (emission current = 100  mA) sourced from 
Rhodium (Rh) with a maximum energy of 40 keV, 
and this process of irradiation was sustained for 
100  s. The X-rays emitted from the target material 
were subsequently measured using a Silicon Lith-
ium detector. The selection of peak areas for both 
the sample and standard was executed using the 
built-in software (Custo et  al., 2005). The typical 

X-ray spectrum of soil samples utilizing the energy-
dispersive X-ray technique is shown in Fig. 5. The 
elements estimated via this technique were Ti, Fe, 
Ca, Mn, Cr, Rb, Sr, Zr, Pb and Zn. The uncertain-
ties were represented as total combined propagated 
uncertainties. These uncertainties, primarily influ-
enced by errors in mass measurement and counting 
statistics of both the sample and elemental standard. 
and a set of 10 standard reference materials includ-
ing Soil-5, SY 2, AGV-1, PCC, RGM, ECH, EOP, 
NIES, MRG-1, and SL-1 were employed to assess 
the concentrations of 10 elements (Ca, Ti, Fe, Mn, 
Rb, Sr, Cr, Pb, Zn, & Zr).

Evaluation of ecological risk assessment

Heavy metal (HMs) contamination in soil can be 
effectively assessed by key indices such as Con-
tamination Factor (CF), Potential Ecological Risk 

Fig. 5  Heat maps of a Yb, b Sm, c La, and d Eu at the study area sites
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Index (PERI), Pollution load index (PLI) and Geo-
accumulation factor  (Igeo) (Esen et al., 2024). These 
indices offer a comprehensive understanding of eco-
logical sensitivity, concentration levels, and toxicity 
of HMs in the arable soil environment.

CF is a metric for assessing soil pollution. It can 
be calculated as:

where  Cn represents the element concentration in the 
soil sample, and  Cb is the geochemical background 
value in uncultivated soil within the study region; 
soil quality categorization was determined by the 
Contamination Factor (CF). The CF values signify 
contamination levels: CF < 1 indicates low contami-
nation, 1 ≤ CF < 3 suggests moderate contamination, 
3 ≤ CF < 6 signifies considerable contamination, and 
CF ≥ 6 reflects very high contamination.

The potential ecological risk index associated with 
each metal element can be calculated using the fol-
lowing formula:

Cs represents the elemental concentration in the 
soil sample,  Cn is the geochemical background value 
of unaffected soil of the study area region, and  Tr 
denotes the toxic response factor specific to each 
metal.

The toxic-response factors for heavy metals are 
Mn, Zn = 1, Pb, Co = 5 and Cr = 2 (Taiwo et  al., 
2019). Soil quality classification based on the PERI 
value was delineated as follow: PERI < 40 indi-
cates low risk, 40 ≤ PERI < 80 signifies moderate 
risk, 80 ≤ PERI < 160 indicates considerable risk, 
160 ≤ PERI < 320 reflects high risk, and PERI ≥ 320 
represents very high risk.

The pollution load index represents the number of 
times by which the toxic element concentrations in 
the sediment exceed the background concentration 
and gives a summed indication of the overall level of 
pollution status in a particular sample. For the entire 
sampling site, PLI has been estimated by the n-root 
from the product of n CFs of the studied elements 
included:

(3)CF =
Cn

Cb

(4)PERI =
Cs

Cn

× Tr

The index permits a simple, comparative means for 
assessing pollution levels. A PLI of > 1 is contami-
nated, whereas < 1 indicates un-contaminated site.

Four rare earth elements, namely Yb, Sm, La, and 
Eu, were detected upon analyzing the agricultural 
soils of 22 locations in the Hoshiarpur district. The 
 Igeo index was calculated to assess their accumulation 
on the topsoil of agricultural soil utilizing Eq. 3 (Mul-
ler, 1969).

The specific elemental concentration in the top-
soil, denoted as  Cn, as compared to the corresponding 
concentrations of elements in the upper continental 
crust (UCC), represented as  Bn, as shown in Table 2. 
Adding the constant 1.5 in the equation facilitated the 
exploration of natural environmental variations.

For assessment of contamination, Igeo values 
above 5 indicate extreme pollution, 4–5 signify high 
pollution to extreme pollution, 3–4 indicate moderate 
to high pollution, and 2–3 denote moderate pollution 
to high pollution. Igeo values 1–2 categorize sedi-
ment/ soil as moderately polluted, while an Igeo value 
0-implies unpolluted to moderately contaminated 
condition An Igeo value of ≤ 0 indicates the natural 
baseline concentration which is not contaminated,

Results and discussion

To validate our methodology and ensure reliability 
of the reported results geological certified reference 
materials (CRMs) such as USGS RGM-1 and USGS 
AGV-1 were used. The accuracy was affirmed by 

(5)PLI = (CF1 × CF2 × CF3 ×……× CFn)
1

n

(6)Igeo = Log2

(
Cn

Bn × 1.5

)

Table 2  Standard reference value of rare earth elements used 
in this work

Element Upper continental 
crust (UCC) (in mg/
kg−1)

Yb 2.2
Sm 4.5
La 30
Eu 0.88
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analyzing the Geological CRM, RGM-1, as a control 
sample, along with the matrix-matched AGV-1as a 
reference material.

A total of twenty-six elements were identified 
using three methods: ED-XRF, PIGE, and INAA 
(SSF& PCF). ED-XRF determined 10 elements, 
comprising 4 major (Ca, Ti, Fe, & Mn) and 6 minor 
(Rb, Sr, Cr, Pb, Zn, & Zr) elements. Ion beam analy-
sis (IBA), specifically PIGE, identified 4 elements, 
namely Si, Na, Mg, and Al. Meanwhile, INAA (PCF, 
SSF) demonstrated capability in determining 20 ele-
ments across major, minor, and trace concentration 
levels, including Yb, Sm, La, Eu, Sc, Sb, Ba, Hf, Ca, 
Na, Ta, Sc, Co, Al, Mg, Ca, V, Na, Mn, and K.

The Z-score acts as a measure of how many stand-
ard deviations a given concentration deviates from the 
population mean. It is calculated within a 95.5% con-
fidence interval and is expressed by the formula:

where the expression "X" represents the average value 
measured in a laboratory, ’µ’ denotes the mean of 
the entire population, and ’ � ’ represents the overall 
uncertainty in the population.

Magnitude of Z-scores are categorized as:
When |Z|< 1; Results are considered as good.
1 ≤|Z|≤ 2; Results are acceptable.
2 ≤|Z |≤ 3; Results are questionable and deemed 

unacceptable.
The Z-score values calculated for PIGE and INAA 

(SSF & PCF) were determined to be within the range 
of ± 2, indicating satisfactory precision and accuracy, 
with the exception of Mg, which showed a Z-score 
of ~ -3.19 as shown in Table 3.

The precision and accuracy in this study are quan-
tified through the use of relative standard deviations 

(7)Zscore =
X − �

�

Table 3  Elemental concentration of USGS AGV-1, their officially certified values, relative standard deviation % and the Z-scores 
employing INAA (SSF and PCF) and PIGE technique (concentration in mg/kg otherwise indicated)

Sr no Element Technique Energy (keV) Certified reference value Obtained value Z score RSD%

1 Yb INAA-SSF 396.3 2.60 ± 0.30 5.20 ± 0.86 − 1.54 6.5
2 Sm INAA-SSF 103.2 4.33 ± 0.30 5.21 ± 0.50 − 0.90 2.6
3 La INAA-SSF 1596 24.0 ± 1.1 22.0 ± 1.5 0.60 4.5
4 Eu INAA-SSF 121.8 0.66 ± 0.08 0.87 ± 0.11 − 0.91 7.6
5 Sc INAA-SSF 889.2 4.40 ± 0.30 6.20 ± 0.67 − 1.40 5.3
6 Sb INAA-SSF 564 1.30 ± 0.10 0.80 ± 0.10 2.31 6.0
7 Ba INAA-SSF 123.8 810 ± 46 635 ± 37 2.30 5.5
8 Hf INAA-SSF 133 6.20 ± 0.30 9.22 ± 0.85 − 1.77 7.9
9 Ca INAA-SSF 159 8210 ± 500 9740 ± 657 − 1.18 9.8
10 Na INAA-SSF 1368.6 31,600 ± 100 30,850 ± 1420 0.23 1.7
11 Ta INAA-SSF 1121 0.95 ± 0.10 1.62 ± 0.24 − 1.48 12.4
12 Sc INAA-SSF 1120.5 4.40 ± 0.30 6.20 ± 0.67 − 1.40 10.0
13 Co INAA-SSF 1332 2.00 ± 0.20 3.50 ± 0.45 − 1.71 7.6
14 Na(%) PIGE 440 3.16 ± 0.01 3.19 ± 0.09 − 0.09 0.8
15 Al(%) PIGE 1014 8.33 ± 0.18 8.85 ± 0.82 0.94 7.2
16 Si(%) PIGE 1273 27.46 ± 0.84 28.13 ± 1.87 − 1.45 1.8
17 Mg(%) PIGE 585 1.02 ± 0.06 1.25 ± 0.1 − 2.80 7.0
18 Al INAA-PCF 1778 83,300 ± 1800 81,150 ± 1510 − 1.20 2.0
19 Mg INAA-PCF 843 10,200 ± 600 8280 ± 830 − 3.19 15.8
20 Ca INAA-PCF 3085 8210 ± 500 9930 ± 335 − 0.14 10.0
21 V INAA-PCF 1434 102 ± 12 107 ± 20 0.41 5.8
22 Na INAA-PCF 2754 31,600 ± 100 30,800 ± 1420 0.27 1.9
23 Mn INAA-PCF 846 880 ± 60 880 ± 94 − 0.02 1.2
24 K INAA-PCF 1525 27,200 ± 800 28,220 ± 632 1.27 2.0
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(% RSD) and Z scores, respectively. The % RSD val-
ues were observed to exhibit variation across different 
elements and can be computed using the formula:

where s = sample standard deviation and |X|= sample 
mean.

The % RSD values for PIGE results were deter-
mined as follows: Na (∼0.8%), Al (~ 7.2%), Mg 
(~ 7%), and Si (∼1.8%). Notably, INAA exhibited sat-
isfactory accuracy and precision, with relative errors 
for all identified elements consistently below < 10% 
(Table 3), except for Ta, Sc, Mg, and Ca in the geo-
logical standard reference material (AGV-1).

In the ED-XRF analysis, a set of 10 standard ref-
erence materials—Soil-5, SY 2, AGV-1, PCC, RGM, 
ECH, EOP, NIES, MRG-1, and SL-1were employed 
to assess the concentrations of 10 elements (Ca, Ti, 
Fe, Mn, Rb, Sr, Cr, Pb, Zn, &Zr). Each standard 
weighed ~ 200 gm and was irradiated by electron 
beam generated by Rhodium source. Figure 5 showed 

(8)Relative standard deviation =
s

|X|

graphs plotting normalized counts against elemental 
concentrations, using specified standards to measure 
multiple elements.. To evaluate the accuracy of this 
method, R-square values were reported for all 10 ele-
ments. Notably, coefficient exceeded 0.9, indicating 
high accuracy in the analysis.

INAA (PCF and SSF), PIGE, and ED-XRF analy-
sis determined elemental concentrations in soil sam-
ples. The results are reported in mg kg⁻1 or % by 
weight, as shown in Tables 4, 5, 6 and 7 respectively. 
These concentrations was are also compared with 
global values to provide context regarding the ele-
mental composition of the soil with the mean elemen-
tal concentrations (in Table 8).

The heat maps for all the estimated rare earth ele-
ments are shown in Fig. 5, indicating the accumula-
tion at the sites using the  Igeo index. Table  9 shows 
that Eu does not show any significant accumulation 
in the agricultural field, as the accumulation factor 
ranges between -0.51 and 1.86. However, the remain-
ing REEs; La, Sm and Yb, have means correspond-
ing to accumulation factors of 9.7, 6.06 and 5.5, 

Table 4  Determined elemental concentrations (in mg  kg −1, otherwise indicated) for soil samples by INAA-PCF

Sample ID Al(% by wt) Mg ( % by wt) Ca(% by wt) V Na(% by wt) Mn K((% by wt)

V-1 3.64 ± 0.04 0.19 ± 0.07 0.95 ± 0.04 20.6 ± 2.3 1.55 ± 0.03 529.71 ± 43.11 2.46 ± 0.08
V-2 4.11 ± 0.04 0.26 ± 0.10 0.90 ± 0.03 29.2 ± 3.3 1.22 ± 0.02 656.07 ± 53.40 5.13 ± 0.18
V-3 2.72 ± 0.03 0.12 ± 0.04 0.85 ± 0.03 22.6 ± 2.6 1.21 ± 0.02 454.98 ± 37.03 3.35 ± 0.11
V-4 4.92 ± 0.05 0.26 ± 0.10 0.74 ± 0.03 170.2 ± 19.6 1.93 ± 0.04 791.31 ± 64.41 2.88 ± 0.10
V-5 5.25 ± 0.06 0.23 ± 0.09 0.81 ± 0.03 99.1 ± 11.4 1.19 ± 0.02 830.22 ± 67.57 2.46 ± 0.08
V-6 4.55 ± 0.05 0.14 ± 0.05 0.80 ± 0.03 72.9 ± 8.4 1.02 ± 0.02 804.12 ± 65.45 2.77 ± 0.09
V-7 1.60 ± 0.01 0.04 ± 0.01 1.15 ± 0.05 60.5 ± 6.9 2.54 ± 0.05 683.29 ± 55.61 3.39 ± 0.12
V-8 8.70 ± 0.10 0.12 ± 0.05 0.51 ± 0.02 42.4 ± 4.8 1.83 ± 0.04 283.97 ± 23.11 2.90 ± 0.10
V-9 4.74 ± 0.05 0.13 ± 0.05 0.42 ± 0.01 31.8 ± 3.6 1.32 ± 0.03 642.91 ± 52.33 3.34 ± 0.11
V-10 3.72 ± 0.04 0.12 ± 0.05 0.67 ± 0.03 15.4 ± 1.7 1.31 ± 0.03 1179.42 ± 96.00 2.5 ± 0.08
V-11 4.12 ± 0.04 0.20 ± 0.07 0.64 ± 0.02 21.7 ± 2.5 1.46 ± 0.03 792.75 ± 64.52 2.75 ± 0.09
V-12 3.41 ± 0.03 0.17 ± 0.06 0.66 ± 0.02 27.1 ± 3.1 1.56 ± 0.03 633.19 ± 51.54 2.45 ± 0.08
V-13 4.33 ± 0.05 0.18 ± 0.07 0.55 ± 0.02 23.6 ± 2.7 1.34 ± 0.03 866.36 ± 70.52 2.64 ± 0.09
V-14 3.81 ± 0.04 0.13 ± 0.05 0.50 ± 0.02 13.2 ± 1.5 1.64 ± 0.03 761.42 ± 61.97 2.75 ± 0.09
V-15 2.44 ± 0.02 0.12 ± 0.05 0.51 ± 0.02 18.8 ± 2.1 1.27 ± 0.02 845.14 ± 68.79 2.62 ± 0.09
V-16 3.14 ± 0.03 0.20 ± 0.08 0.91 ± 0.04 16.6 ± 1.9 1.48 ± 0.03 1132.91 ± 92.21 2.69 ± 0.09
V-17 3.21 ± 0.03 0.21 ± 0.08 1.00 ± 0.04 22.3 ± 2.5 1.50 ± 0.03 940.05 ± 76.52 2.51 ± 0.08
V-18 3.64 ± 0.04 0.15 ± 0.06 0.85 ± 0.03 17.9 ± 2.0 1.33 ± 0.03 1035.37 ± 84.27 3.03 ± 0.10
V-19 3.21 ± 0.03 0.23 ± 0.09 0.90 ± 0.03 14.4 ± 1.6 1.67 ± 0.03 831.72 ± 67.70 2.98 ± 0.10
V-20 2.75 ± 0.03 0.17 ± 0.07 0.85 ± 0.03 26.8 ± 3.0 1.61 ± 0.03 1049.25 ± 85.40 2.87 ± 0.10
V-21 4.15 ± 0.04 0.24 ± 0.09 0.85 ± 0.03 28.1 ± 3.2 1.42 ± 0.03 1146.7 ± 93.34 2.53 ± 0.09
V-22 3.84 ± 0.04 0.04 ± 0.01 0.89 ± 0.03 19.2 ± 2.2 1.67 ± 0.03 1132.91 ± 92.21 2.44 ± 0.08
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with uncertainty of 1.45, 1.05 and 1.30, respectively, 
which shows serious contamination of rare earth ele-
ments, in arable soils of Hoshiarpur.

From Fig. 5 it can be seen that for Yb, the most sig-
nificant accumulation was observed in Hazipur (V-17) 
and Hoshiarpur (V-18), followed by other locations. 
Patial (V-9) exhibited the highest concentration of 
Sm. Namoli-Har(V- 7) showed the highest accumula-
tion for La, while PindSahibka (V-10) had the high-
est accumulation for Eu. The elemental accumulation 
analysis revealed a concentration at the centre of the 
Hoshiarpur district, where the sampling was conducted 
in various villages. From Fig. 6, it was estimated that 
among all samples, the accumulation was highest for 
La among the four rare earth elements; the calculated 
geo-accumulation index in soil was according to the 
trend: La > Sm > Yb > Eu. The marginal histogram 
graphically depict the distribution of elemental con-
centrations, dividing the data into equal intervals and 
representing the number of data points with horizontal 
bars. It reveals that the concentration of La was dis-
tributed over a range of approximately 8–13, with an 
outlier concentration of Sm falling within the range of 

elemental Eu. It was also seen that a general accumula-
tion index for the rare earth elements lies within 4–10 
which shows significant elemental accumulation. The 
consistent application of roughly approximated doses 
of fertilizers to agricultural soil, which are the expected 
cause of the elevated levels of REEs (La, Sm, Yb and 
Eu), particularly those containing phosphate, and soil 
pH correctives such as lime, could also be contributing 
factors as hypothesized by Silva et al. (2019). Moreo-
ver examining the fertilizers and pesticides commonly 
utilized by farmers in the area will provide specific 
insights into the reasons behind REEs accumulation. 
According to previous studies there is a correlation 
between a higher atomic number and a decrease in the 
abundance of rare earth elements (REEs), observed in 
both even and odd sequences. The observation revealed 
that as the atomic number increased, the concentration 
of the element decreased in the earth’s crust. However, 
the mean concentration of Yb was determined to sur-
pass that of both Eu and Sm. This trend underscored 
(in Fig.  7.) the environmental risk associated with 
this specific element (Yb) in the agricultural soil of 

Table 6  Elemental 
concentrations (mg  kg −1/% 
by wt as indicated) for soil 
samples by utilizing the 
PIGE technique

Sample ID Si (% by wt) Na % by wt) Mg (% by wt) Al (%by wt)

V-1 30.98 ± 0.77 1.26 ± 0.20 0.18 ± 0.004 3.50 ± 0.10
V-2 29.76 ± 0.67 1.41 ± 0.22 0.22 ± 0.006 4.20 ± 0.13
V-3 32.71 ± 0.72 1.28 ± 0.20 0.13 ± 0.003 2.81 ± 0.08
V-4 34.56 ± 0.94 1.39 ± 0.22 0.22 ± 0.006 5.12 ± 0.15
V-5 29.28 ± 0.76 1.11 ± 0.17 0.24 ± 0.005 5.11 ± 0.15
V-6 27.21 ± 0.77 1.09 ± 0.17 0.13 ± 0.003 4.41 ± 0.13
V-7 26.07 ± 0.70 1.11 ± 0.17 0.12 ± 0.002 1.82 ± 0.05
V-8 31.77 ± 0.78 1.20 ± 0.19 0.12 ± 0.003 1.41 ± 0.03
V-9 30.38 ± 0.74 1.04 ± 0.16 0.11 ± 0.003 4.51 ± 0.13
V-10 23.30 ± 0.61 1.03 ± 0.16 0.11 ± 0.003 4.46 ± 0.12
V-11 33.51 ± 0.81 1.21 ± 0.19 0.27 ± 0.007 4.14 ± 0.12
V-12 30.71 ± 0.69 1.26 ± 0.20 0.16 ± 0.004 3.32 ± 0.10
V-13 28.97 ± 1.88 1.01 ± 0.16 0.21 ± 0.005 4.21 ± 0.13
V-14 25.28 ± 0.59 1.15 ± 0.18 0.13 ± 0.003 3.54 ± 0.10
V-15 30.24 ± 0.66 1.01 ± 0.16 0.14 ± 0.003 2.51 ± 0.07
V-16 37.16 ± 0.82 1.57 ± 0.25 0.14 ± 0.003 3.10 ± 0.09
V-17 31.83 ± 0.74 1.01 ± 0.16 0.16 ± 0.004 3.50 ± 0.10
V-18 31.28 ± 0.72 1.27 ± 0.20 0.17 ± 0.004 3.60 ± 0.11
V-19 26.62 ± 0.66 1.09 ± 0.17 0.21 ± 0.005 3.14 ± 0.09
V-20 27.62 ± 0.70 1.02 ± 0.16 0.13 ± 0.003 2.74 ± 0.08
V-21 27.12 ± 0.69 1.03 ± 0.16 0.10 ± 0.002 4.21 ± 0.13
V-22 30.24 ± 0.74 0.95 ± 0.15 0.08 ± 0.002 3.52 ± 0.10
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Hoshiarpur, Punjab which highlights the accumulation 
issue of REEs.

Transition elements analysis

Manganese (Mn)

The quantification of elemental Mn was conducted 
using INAA-PCF and ED-XRF technique. Manga-
nese compounds play a crucial role in soil composi-
tion as this element is vital for plant nutrition and 
influences the behavior of various other micronutri-
ents. It is classified as an essential micronutrient for 
soil and plays a crucial role in stimulating root and 
plant growth. Upon data analysis, it became evident 
that most of the samples (except two) exceed the 

permissible limit in soil (500 mg/kg), with the mean 
highest concentration observed in the Hoshiarpur 
region (1198 ± 51  mg/kg), while the mean lowest, 
falls within the permissible range at 400 ± 4 mg/kg. 
This finding underscores the significance of assess-
ing manganese levels in soil, especially consider-
ing its impact on roots, plants, and potentially toxic 
elements. A plot shown in Fig.  8. described the 
elemental concentration of elemental Mn in all the 
collected samples in the study area.

Chromium (Cr)

Cr was quantified in arable soil samples, using the 
ED-XRF technique. It was observed that the mean 
values for Cr fell within the permissible limits rec-
ommended by WHO (150 mg/kg) (Ogundele et al., 
2015). The chromium concentration in the samples 

Table 8  Mean elemental 
concentrations (mg kg − 1/ 
% by wt as indicated) with 
global concentration for soil 
samples

Sr. No Elements Mean concentration Standard dev Global data

1 Si (%) 29.84 ± 0.78 3.22 ± 0.25 26–29
2 Na (%) 1.15 ± 0.18 0.15 ± 0.02  ~ 2.8
3 Mg (%) 0.17 ± 0.06 0.06 ± 0.02 0.05–4
4 Al (%) 3.87 ± 0.04 1.37 ± 0.01 1–4
5 Ca (%) 0.77 ± 0.03 0.189 ± 0.008 ~ 3.16
6 V (mg/kg) 37.02 ± 4.26 36.48 ± 4.20 10–500
7 Mn (mg/kg) 819 ± 66 236 ± 19 ~ 437
8 K (%) 2.88 ± 0.11 0.58 ± 0.02 0.04–3
9 Co (mg/kg) 4.85 ± 0.03 7.45 ± 0.04 4.5–12
10 Ti (%) 3909 ± 390 523 ± 52 0.02–2.4
11 Sb (mg/kg) 0.51 ± 0.04 0.209 ± 0.022 0.05–4
12 Ba (mg/kg) 1576 ± 30 926 ± 11 550–668
13 Hf (mg/kg) 74.64 ± 3.70 52.33 ± 2.61 2–20
14 Ta (mg/kg) 0.49 ± 0.03 0.24 ± 0.09 0.2–5.3
15 Sc (mg/kg) 24.66 ± 46.82 7.45 ± 1.27 1.5–16.6
16 Fe (%) 28.048 ± 2804 3353 ± 335 0.1–10
17 Cr (mg/kg) 22.58 ± 2.25 13.04 ± 1.30 ~ 54
18 Rb (mg/kg) 131.92 ± 13.19 16.74 ± 1.67 90–310
19 Sr (mg/kg) 39.26 ± 3.39 35.62 ± 3.57 260–730
20 Pb (mg/kg) 30 ± 3.02 2.4 ± 0.24  ~ 25
21 Zr (mg/kg) 213.69 ± 21.36 112.68 ± 11.20 30–250
22 Zn (mg/kg) 69.04 ± 6.90 12.11 ± 1.22 10–300
23 Yb (mg/kg) 44.60 ± 2.56 37.78 ± 3.88 2.0–3.2
24 Sm (mg/kg) 34.35 ± 0.14 59.51 ± 0.22 3.5–7.1
25 La (mg/kg) 74.17 ± 0.88 98.44 ± 0.60 16–39
26 Eu (mg/kg) 3.13 ± 0.38 1.45 ± 0.17 1.1–2.0
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ranged from 5.1 ± 0.5 mg/kg to 50 ± 5 mg/kg, with 
a mean concentration of 13.3 ± 2.2  mg/kg. Based 
on this data, it could be inferred that there was no 
significant potential harm posed by elemental chro-
mium in the agricultural soils of the Punjab region. 
The highest chromium concentration was identified 
in Dasua (V-12) village of Hoshiarpur.

Zinc (Zn)

Zn, determined through the use of the ED-XRF tech-
nique, is considered an essential micronutrient crucial 
for soil health, playing a significant role in fostering 
root and plant growth. Upon thorough examination, 
it was apparent that all samples surpass the accept-
able threshold (50 mg/kg) (Ogundele et al., 2015), in 
the study area registering the highest concentration of 
96 ± 9 mg/kg (as shown in Fig.  9), while the lowest 
remains close to the permissible range, at 55 ± 5 mg/
kg. It highlights the importance of evaluating soil zinc 
levels, mainly due to its influence on root and plant 
growth and its potential as a toxic element in agri-
cultural soils. In this work, Zn exhibited an extended 
drainage period from soils, given its prolonged half-
life as a soil pollutant. Managing Zn-contaminated 
soils often involves regulating it’s availability by 
applying lime or organic matter. The contamination 
of soils with Zn is a significant environmental con-
cern. There is limited information available regard-
ing the influence of zinc pollution. Typically, heavy 

Table 9  REE  Igeo index in study area soil for 22 samples

Sample ID Yb Sm La Eu

V-1 4.48 5.10 9.62 1.07
V-2 4.96 6.04 10.71 1.13
V-3 4.48 5.10 9.62 0.00
V-4 2.24 6.38 9.14 − 0.51
V-5 5.28 6.15 7.73 0.00
V-6 5.38 6.47 9.42 0.00
V-7 6.95 0.00 12.71 0.00
V-8 4.66 5.09 9.69 0.91
V-9 5.30 9.71 9.05 0.55
V-10 4.66 6.15 7.91 1.86
V-11 5.18 6.50 9.49 1.40
V-12 4.66 6.48 12.46 − 0.51
V-13 7.15 5.09 9.40 1.00
V-14 4.66 6.04 9.02 0.91
V-15 7.23 0.00 12.61 1.08
V-16 4.66 5.09 9.70 0.00
V-17 7.50 6.38 10.42 0.00
V-18 7.37 6.14 7.98 0.00
V-19 6.15 5.23 8.64 − 0.39
V-20 6.44 5.57 9.90 0.00
V-21 4.98 6.47 10.84 0.00
V-22 6.98 0.00 7.67 0.00

Fig. 6  Igeo scattering 
plotfor study area soil 
samples with the horizontal 
elemental ditribution
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metals exert a toxic effect on microbial communities 
when present in high concentrations in the soil. Stud-
ies have shown that elevated levels of metal contami-
nation in soil can lead to a reduction in the diversity 
of microbial species, including both bacteria and 
fungi, particularly evident in bulk soils (Bolan et al., 
8). The reason for such accumulation in study area 
soil was same cropping patterns followed by farmers 
such that there is no diversity and only partial ele-
ments get absorbed.

Vanadium (V)

The measurement of vanadium levels in agricultural 
soil was conducted using the INAA-PCF technique. 
V is commonly found in the earth’s crust, ranking 
22nd in abundance. Although elemental vanadium is 
not naturally occurring, it is present in approximately 
65 different minerals, with patronite, roscoelite, car-
notite, and vanadinite being the primary ore sources 
(Aide, 2005). The bar graph in Fig.  10 shows that 
the mean value of elemental vanadium in the study 
area was 37.04 ± 4.26 mg/kg. The highest value was 
measured in Birampur village (V4) of Hoshiarpur 
with V concentration of170.29 ± 19.62  mg/kg, and 
the minimum value was 13.20 ± 1.52  mg/kg (V-14). 
According to (Wnuk, 2023), in Asia, the average opti-
mum vanadium concentration in soil was in the range 
of 74–270 mg/kg. Notably, a specific set of samples 
exhibited a consistent rise in vanadium levels from 
sample V-4 to V-9 within the villages of Birampur 
(V-4), Bathehar (V-5), Bringli (V-6), Namoli (V-7), 
Sandhwal (V-8), and Patial (V-9) showing this trend. 
It was noteworthy that, apart from Birampur, all the 
villages were situated in the northern region, and 
Birampur, which displayed the highest concentration, 
was located in the southern part, so it may be esti-
mated that these clusters of the samples had the same 
soil type and also approximately the same condi-
tions or human activities. The average concentration 
of vanadium in the Earth’s crust, according to global 
data, is reported to be around 90 mg/kg. This suggests 

La Sm Eu Yb

0

10

20

30

40

50

60

70

80

A
ve

ra
ge

el
em

en
ta
lc

on
ce

nt
ra
tio

n
(m

g/
kg

)

Rare earth elements with increasing Atomic No.

Fig. 7  Plot of average rare earth elements concentrations with 
the atomic number for the study site

Fig. 8  Average elemental 
concentrations of Mn (mg/
kg) in soil samples
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that the vanadium levels in our samples fall within the 
typical concentration observed globally. It’s impor-
tant to note that there isn’t a universally established 
threshold for vanadium concentrations that signifies 
toxic behavior, as recognized by any organization. 
Hence, estimating the elemental concentration in 
crop yields may help to assess any potential impacts 
of elevated concentrations in the region with Biram-
pur (V-4), Bathehar (V-5), Bringli (V-6), Namoli-
Har (V-7), Sandhwal (V-8), and Patial (V-9) sites. As 
noted by Kabata et al., vanadium in soil is primarily 
associated with iron hydrous oxides and soil organic 
matter (SOM), with clay minerals also playing a role 
in its mobility. Topographically, the district can be 
classified into three main regions based on the soil-
crop-climate complex as discussed earlier.. We can 
infer that the concentration of V was higher in the 
Shivalik region and lower Shivalik beds compared 
to the flood plains. Therefore, besides fertilizer use, 
another contributing factor to the variation in elemen-
tal abundance could be the geological composition of 
mountainous terrain.

Titanium (Ti)

Titanium was assessed using the ED-XRF tech-
nique. Following a comprehensive investigation, 
it was found that the study area exhibited the high-
est titanium concentration, with levels reaching 
4790 ± 70  mg/kg, while the lowest concentration 
was recorded at 2940 ± 43  mg/kg. This discovery 
highlights the importance of evaluating soil titanium 
levels, mainly due to its influence on root and plant 
growth and its potential as a toxic element. The mean 
Ti concentration was 3909 ± 57  mg/kg. As per the 
findings of Kabata-Pendia and Mukherjee (2007), the 
titanium content in surface soil globally falls within 
the range of 20–24000  mg/kg, with an average of 
3300 mg/kg. All samples in our study fall within this 
established range…

Iron (Fe)

Iron is the fourth most abundant element on earth and 
an essential macro element. In collected soil samples, 
elemental iron was found within the 2.4–3.8% by 
weight (wt) range, with an average concentration of 
2.8% by wt. Iron is considered an essential element 
for soil quality and human health, as it is a crucial 

component in various proteins and enzymes and is 
essential for metabolism. Nevertheless, the iron con-
tent of soil is determined by a combination of parent 
rock composition and soil-related processes. Typi-
cally, the prevalent range of iron in soils geerally falls 
between 0.5% by wt and 5% by wt; notably, all the 
samples studied were within this range. It was found 
that the highest concentration was found in the Pind-
Sahibka village (V-10) and the minimum concentra-
tion was found in Sandhwal village (V-8). Kabata-
Pendia and Mukherjee (2007) pointed out that 
manganese tends to accumulate in different soil hori-
zons, especially those enriched in iron in the topsoil.. 
However the correlation between Fe Vs Mn gives an 
 R2 = 0.28 which shows no significant correlation, It 
can further be analyzed that for the concentration of 
elemental Mn above ~ 1100 mg/kg there is correlation 
between concentration of Fe and Mn with the correla-
tion coefficient of  R2 = 0.81.

Zirconium (Zr)

The elemental content of Zr was determined using 
the ED-XRF technique. The Zr content of soils is 
typically derived from parent rocks. Here the range 
of elemental concentration of Zr in the soil sam-
ples was from 40.3 ± 1.3  mg/kg to 408.3 ± 12.9  mg/
kg, having the mean and standard deviation values 
of 213.6 ± 6.7 mg/kg and 112.6 ± 3.5 mg/kg. A high 
standard deviation indicates a wide spread of the 
concentration of Zr in the study area. The minimum 
and maximum values were found in Hoshiarpur’s 
Bringli (V-6) and Namoli villages (V-7), respectively. 
According to Kabata-Pendias and Mukherjee (2007), 
the measured average Zr content across different soils 
was 224  mg/kg, so it was concluded that there was 
accumulation of elemental zirconium in the cultivated 
soil of Hoshiarpur.

Cobalt (Co)

Co levels were assessed using the INAA-SSF method. 
As per Kabata-Pendias and Mukherjee (2007) the per-
missible limit for elemental cobalt is set at 65 mg/kg. 
All cobalt measurements obtained from soil samples 
in our study were found to be below this threshold, 
indicating no environmental risk in the surface soil of 
the Hoshiarpur region. The average cobalt concentra-
tion was recorded at 4.85 ± 0.03 mg/kg.Lead (Pb):
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The elemental content of Pb was determined 
using the ED-XRF technique. Two types of lead, 
primary and secondary, are recognized in terrestrial 
environments. Primary Pb originates geogenically 
and becomes incorporated into minerals during 
their formation, while secondary Pb has a radio-
genic origin resulting from the decay of uranium 
(U) and thorium (Th). The geochemical proper-
ties of  Pb2+ bear some resemblance to the divalent 
alkaline-earth group of metals. As a result, lead 
can substitute for K, Ba, Sr, and even Ca in both 
minerals and at sorption sites. The fate of anthro-
pogenic Pb in soils has garnered significant interest 
lately due to its dual threat to humans and animals 
through the food chain and inhaling soil dust. The 
gradually mounting quantities of Pb in surface soils, 
including both arable and non-arable lands, have 
been reported in different terrestrial ecosystems 
(Kabata-Pendias and Mukherjee, 2007). Upon scru-
tinizing the soil samples, it was noted that the lead 
values for all the samples fell within the permissible 
limit (85  mg/kg) (Ogundele et  al., 2015). Pb con-
centrations in the samples ranged from 25.1 ± 0.2 
to 34.0 ± 0.3  mg/kg, with a mean concentration of 
30.19 ± 0.27  mg/kg. This data suggested that ele-
mental lead in the agricultural soils of the Punjab 
region did not pose a significant risk. The highest 
lead concentration was identified in the soil of Rat-
tanpur village in Hoshiarpur.

We also measured Tantalum (Ta), Scandium 
(Sc) and Hafnium (Hf) utilizing INAA-SSF, in our 
research. Upon comparing our findings with global 
data, we noted significant differences. Hafnium lev-
els ranged from 42 to 203  mg/kg, surpassing the 
global range of 2 to 20 mg/kg. Tantalum concentra-
tions varied from 0.20 to 1.06  mg/kg, falling below 
the global average of 0.2 to 3.9 mg/kg. Scandium lev-
els ranged from 47 to 202 mg/kg, contrasting with the 
global range of 1.5 to 16.6 mg/kg. These disparities 
highlight the importance of localized investigations. 
Understanding regional soil composition discrep-
ancies is essential for agricultural practices. Other 
Macro and micro elemental analysis.

Aluminium (Al)

Elemental Al constitutes a significant portion of the 
Earth’s crust, and in soil samples, its presence varies 

within the range of 1.41–5.12% by wt with the aver-
age and standard deviation of about 3.58 ± 0.10 and 
0.95 ± 0.03% by wt respectively. The sole stable and 
commonly encountered ion,  Al3+, is recognized for 
coordinating with oxygen ligands. This interaction 
with oxygen-bearing ligands highlights the versatile 
chemical nature of aluminium in soil environments. 
The highest and lowest values were found in Namoli 
and Sandhwal villages of Hoshiarpur, respectively.

Silicon (Si)

Si is the second most prevalent element in the Earth’s 
crust, constituting an average of 28.8% by wt. While 
Si is not officially classified as an essential nutrient, 
numerous studies consistently showcase its positive 
impacts on plant growth and crop yields, underscor-
ing its valuable contributions in agricultural contexts. 
In this work, the elemental concentration of Si was 
found within V-10, 23.30 ± 0.59% (Pind Sahibka) 
to V-16 37.16 ± 1.88% (Adamwal). The average and 
standard deviation were found to be 29.84 ± 0.78 and 
3.22 ± 0.25%, respectively.

Magnesium (Mg)

The magnesium concentrations in the stud-
ied soil samples ranged from 0.080 ± 0.002% to 
0.260 ± 0.007%. Although no specific permissible 
values are established by organizations like UNEP, 
WHO and US-EPA, the general elemental magne-
sium concentration in all soil types typically falls 
between 0.05 and 4% by wt (Shreeja, 2021). This 
suggested that the manganese levels in the study 
area were within the natural range. Among the col-
lected samples, Hoshiarpur (V-18) exhibited the 
highest concentration, while the lowest was observed 
in Kunail village (V-2) of Hoshiarpur district. The 
average concentration and standard deviation were 
0.15 ± 0.003 and 0.05 ± 0.001% by wt, respectively.

Calcium (Ca)

Ca was estimated by both INAA- PCF and ED-
XRF. Based on elemental analysis, the mean and 
standard deviation values for calcium concentra-
tions in soil samples were reported as 0.77 ± 0.05 
and 0.17 ± 0.01% by wt, respectively. The highest 
value was measured in Namoli- Har village (V-7), 
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and the lowest concentration was found in the Patial 
(V-9) village of Hoshiarpur, i.e. 1.13 ± 0.09% by wt 
−0.40 ± 0.02% by wt. respectively while.globally the 
mean concentration is approximately 3.16% wt.

This information is essential for understanding 
the variability of calcium levels in the soil and laid 
the groundwork for further investigation into poten-
tial patterns or influences on soil health and nutri-
ent composition. Strontium is a frequently occur-
ring trace element in the Earth’s crust, often linked 
with calcium (Ca) and, to a lesser extent, magne-
sium (Mg). The Sr to Ca ratio is typically consistent 
in the biosphere, serving as a common method for 
pinpointing elevated concentrations of Sr in a spe-
cific environment. However, our study reveals that 
the Sr to Ca ratio was not constant throughout all 
the samples, as indicated in Fig.  11. This instabil-
ity could be attributed to other terrestrial activities 
influencing the arable land. Agricultural practices, 
including the use of fertilizers, pesticides, and irri-
gation methods, may introduce or redistribute stron-
tium, affecting its concentration relative to calcium. 
Land use changes, such as urbanization, deforesta-
tion, or construction projects, can disturb natural 
soil compositions and introduce new sources of 

strontium as well. Moreover, natural processes like 
weathering of rocks and minerals, volcanic erup-
tions, and erosion can influence the distribution of 
strontium in soil over time. Furthermore, improper 
disposal of industrial or municipal waste can result 
in contamination of soil with strontium, impacting 
its ratio with calcium. Investigating the influence of 
these terrestrial activities on soil composition and 
the Sr to Ca ratio can provide valuable insights into 
environmental factors affecting the study area and 
help in understanding the variability observed in the 
samples (Kabata-Pendia and Mukherjee, 2007).

Potassium (K)

Potassium’s elemental concentration was found 
between the range 2.4–5.1% by wt, while the aver-
age and standard deviation values were 2.8 ± 0.1 and 
0.58 ± 0.02%by wt, respectively. The highest value 
of elemental K was found in Kunail (V-2) village 
of Hoshiarpur, and the lowest was measured in the 
Hoshiarpur region (V-18). It is considered to be the 
one of most essential element in agricultural soil. The 
concentration of elemental potassium in earth crust 
is 2.6% which reveals that in Hoshiarpur the value of 

Fig. 11  Describes the ratio 
of elemental Ca and Sr in 
soil samples (mg/kg)
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potassium is higher in agricultural soil due to applica-
tion of fertilizers by farmers without prior knowledge 
of requirement of nutrients of soil and thus crop.

Rubidium (Rb) and Strontium (Sr)

The elemental concentrations of Rb and Sr ranged 
between 93 and 160  mg/kg and 11 to 95  mg/kg, 
respectively, with average and standard deviation val-
ues of 39 ± 3 and 131 ± 13 mg/kg and 16.1 ± 1.6 and 
3.5 ± 0.3  mg/kg respectively. The Hoshiarpur region 
and Sandhwal of Hoshiarpur recorded the highest 
levels of elemental Rb and Sr, while the lowest con-
centrations were observed in Hazipur and Bhatiwala 
villages within Hoshiarpur, respectively.

Sodium (Na)

The average Na concentration is 1.50 ± 0.03% by wt. 
The minimum concentration was found in Bringli 
village (1.02 ± 0.02% by wt) and the maximum in 
Namoli village (2.54 ± 0.05% by wt).

Antimony (Sb) and Barium (Ba)

Our study in Punjab assessed Antimony (Sb) and 
Barium (Ba) concentrations in soil samples. Anti-
mony levels ranged from 0.3 to 1.1 mg/kg, lower than 
the global average of 0.05 to 4.0 mg/kg. Conversely, 
Barium concentrations spanned 950 to 3855  mg/kg, 
significantly higher than the global range of 84 to 
960 mg/kg.

Contamination assessment in soil (transition, heavy 
and toxic elements)

CF values for various elements were analyzed to 
assess their potential environmental impact. Among 
the elements examined, K and Co have CF values 
of 2.6 and 3.2, respectively, indicating considerable 
contamination. These elements pose a notable risk to 
environmental quality. Additionally, elements such as 
Na, Mg, Al, Mn, Ti, Sb, Ba, Hf, Ta, Sc, Fe, Rb, and 
Sr exhibit moderate contamination levels, and Si, Ca, 
V, Cr, Pb, Zr, and Zn demonstrate lower contamina-
tion in arable soil. Table 10 indicates the mean con-
tamination factor in soil samples.

From the Potential Ecological Risk (PERI) factor, 
as given in Fig. 12 it can be seen that although from 

the uncultivated land, the concentrations of Co and 
Pb are high, which may cause severe contamination. 
Moreover the risk of elemental pollution risk was 
Co > Pb > Cr > Mn > Zn.

Table 10  Average contamination factor calculated in soil sam-
ples collected from District Hoshiarpur

Sr. No Elements Contamination 
factor

1 Si 0.99
2 Na 1.05
3 Mg 1.21
4 Al 1.08
5 Ca 0.96
6 V 0.36
7 Mn 1.30
8 K 2.60
9 Co 3.20
10 Ti 1.14
11 Sb 1.06
12 Ba 1.57
13 Hf 1.08
14 Ta 1.01
15 Sc 1.09
16 Fe 1.07
17 Cr 0.90
18 Rb 1.34
19 Sr 1.18
20 Pb 0.91
21 Zr 1.04
22 Zn 1.10
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Fig. 12  Appraisal of potential ecological risk
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In the environmental quality investigation, we 
employed the Pollution Load Index (PLI) to gauge 
the pollution status of a given dataset. The PLI values 
were categorized into distinct ranges: PLI ≤ 1 denot-
ing an unpolluted state, 1–3 indicating moderate pol-
lution, 3–5 representing high pollution, and values ≥ 5 
signifying very high pollution levels. The subsequent 
analysis of the dataset shown in Fig. 13, accompanied 
by the respective sample codes, revealed the follow-
ing insights: V8, V10, V14, V17 and V19exhibited 
PLI values less than 1, characterizing them as unpol-
luted. Conversely, V1, V2 V3, V4, V5, V6, V7, V9, 
V11, V12, V13, V14, V15, V16, V18, V20, V21, 
and V22 displayed PLI values ranging from 1 to 1.5, 
categorizing them as moderately polluted. The Bar 
graph in Fig.  13 shows the PLI factor for collected 
agricultural samples. Site 7 appears to be the most 
polluted, followed by sites V-20 and V4 and V12. 
Understanding the specific sources and pathways of 
pollution at these agricultural sites requires further 
detailed environmental assessments and monitoring 
to mitigate potential risks to human health and the 
environment. Possible reasons for the higher pollu-
tion levels observed at agricultural sites could include 
various factors such as the use of chemical fertilizers 
may lead to soil and water contamination if applied 
improperly or excessively. Historical contamination 
from previous land use practices and natural sources 
like geological formations may also play a role in 

contributing to elevated pollution levels. Inadequate 
waste management practices, such as inadequate sew-
age treatment or landfill management, may further 
exacerbate pollution in agricultural areas.

Conclusion

In this study, soil samples were subjected to analysis 
using three distinct methods: INAA- PCF and SSF, 
IBA-PIGE, and ED-XRF. Notably, the ED-XRF tech-
nique, a widely adopted X-ray-based method, facili-
tated rapid assessment of major and minor elemental 
compositions. This preliminary data proved invalu-
able for subsequent quantitative analyses using other 
techniques such as IBA and INAA. Method validation 
was ensured through the examination of certified ref-
erence materials (USGS CRM AGV-1 and RGM-1) 
which demonstrated good agreement with certified 
values. The analysis of 22 agricultural soil samples 
encompassed 26 elements, focusing particularly on 
minor, major and trace level elements, thereby reveal-
ing their significant presence and elucidating poten-
tial environmental risks within the Hoshiarpur dis-
trict of Punjab. The study focused on investigating 
the distribution and accumulation of REEs using the 
INAA-SSF method, revealing notable contamination 
for elements such as La, Sm, and Yb. Spatial analysis 
identified regions with elevated concentrations, with 
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Hazipur and Hoshiarpur showing high accumulation 
of Yb, while Patial and Namoli-Har exhibited height-
ened concentrations of Sm and La, respectively. Con-
currently, the assessment of six essential elements—
K, Mn, Zn, Fe, Ca, and Mg—underscored the risk 
of accumulation in arable soil for Mn and Zn when 
compared with permissible limts. Notably, 90% of 
soil samples had higher concentrations of Mn, while 
all samples exceeded permissible levels for Zn, pos-
ing a significant environmental concern. The study 
also found elevated concentrations of elemental K 
compared to global soil levels, suggesting excessive 
use of potassium-based fertilizers in Hoshiarpur agri-
cultural soil. Furthermore, varying vanadium concen-
trations were observed across different regions of the 
Hoshiarpur district, with the highest values recorded 
in Birampur village (V-4), followed by Bringli (V-6), 
Namoli (V-7), Sandhwal (V-8), and Patial (V-9). 
These findings highlight the combined influence of 
geological factors and human activities on elemental 
abundance in agricultural soil. In addition, ecological 
risk factors were calculated for other quantified ele-
ments, revealing a trend where K exhibited the high-
est concentration. The study emphasized the improper 
use of potassium-based fertilizers by farmers, contrib-
uting to soil accumulation. To analyze other quanti-
fied elements, ecological risk factors were calculated 
in which we calculate different factors like CF, PERI 
and PLI. We found the observed trend for the studied 
elements as: K > Co > Ba > Mn = Hf = Rb = Sc > Mg 
= Ta = Sr = Sb > Na = Al = Ti = Fe = Zn > Ca = Si = Zr 
> Pb > Cr > V. Overall, the findings suggest that ele-
mental accumulation can potentially bio-accumulate 
in crops, emphasizing the need for advanced agricul-
tural technologies to prevent contaminant discharge 
and mitigate environmental risks in the Hoshiarpur 
district. This underscores the significance of soil qual-
ity and pollution analysis in addressing environmental 
concerns in the region. Further research is needed to 
explore the long-term implications of elemental accu-
mulation. It’s crucial to look into what happens over 
a long time period when elements build up in crops. 
This will also helpto understand how it affects farm-
ing in the long run and the environment in Hoshiar-
pur region of Punjab.
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