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Thesis Title: Phytoremediation of metal-contaminated chromium asbestos mines of 

Jharkhand: Ecological recycling through vermicomposting 

 

SYNOPSIS 

The land of mines and minerals, Jharkhand, is one of India's leading states in mining 

activities. Over the past few decades, the rapid growth of the mining sector and the abundant 

disposal of mine waste have led to the contamination of nearby agricultural soils with 

potentially toxic elements (PTEs) such as Cr, Ni, Cd, Cu, and Pb. This has raised serious 

environmental and human health concerns. The research is focused on the chromium-asbestos 

mine situated in the Roro hills, Chaibasa district, Jharkhand. Due to its toxic nature, lack of 

nutrients, poor water retention, and non-biodegradable properties, chromium mine waste 

poses a serious threat to the ecosystem. Crops commonly grown on or near these mine sites 

(mainly rice) tend to absorb and accumulate high levels of PTEs in their roots, shoots, and 

grains. This, in turn, poses a significant risk to the food chain. Therefore, mitigation of soil 

contaminated with hazardous waste requires innovative strategies. However, most current 

methods are often unsustainable, expensive, and can produce secondary waste or negatively 

impact soil properties. In contrast, using the appropriate combination of plants and beneficial 

microorganisms offers an eco-friendly solution. This approach can help reduce soil toxicity, 

support the re-vegetation of polluted sites, improve long-term soil health, and prevent erosion 

by stabilizing the soil surface. While microbe-assisted phytoremediation offers several 

benefits, one concern is the potential for recontamination. If plants absorb PTEs and later 

shed their shoots back into the field, these harmful elements can re-enter the soil. To address 

this issue, an innovative and cost-effective solution lies in vermitechnology. This approach 

involves using earthworms to convert PTEs-contaminated plant material into nutrient-rich 

organic compost. Farmers can then apply this compost to their fields to enhance soil fertility 

and crop productivity. Altogether, this integrated method presents a holistic strategy for waste 

management, PTEs detoxification, and soil health improvement, contributing significantly to 

global research efforts. 

Evaluation of Soil Properties, PTEs Concentration, and Distribution Pattern  

The chromium-asbestos mine area contains a variety of potentially toxic elements (PTEs), 

and based on their concentration gradients, the site is categorized into three distinct zones: 

Site 1: the tailing dumping area, Site 2: tailing-affected agricultural field, and Site 3: 

uncontaminated agricultural field. The pH levels across most sampling sites ranged from 

slightly acidic (6.038 ± 0.22) to slightly alkaline (7.65 ± 0.28), which can lead to the 

formation of carbonic acid. Acidic soils tend to increase the mobility of PTEs, while alkaline 

soils can reduce their mobility by forming stable complexes. Both electrical conductivity 

(EC) and organic carbon (OC) content showed statistically significant differences (p < 0.05) 

among the three sites. EC readings suggest that the uncontaminated site (Site 3) has better 

electrical conductivity, making it more suitable for crop production compared to Sites 1 and 

2. Additionally, OC levels were lower at the tailings site and the contaminated agricultural 

site than at the uncontaminated site.The levels of available nitrogen (N) and phosphorus (P) 
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were significantly lower in Site 1 and Site 2 compared to Site 3. A similar result was obtained 

for exchangeable cations [potassium (K), sodium (Na), calcium (Ca), and magnesium (Mg)]. 

The cation exchange capacity (CEC) across sites ranged from 13.33 to 23.40 cmol kg-1. Soil 

texture also varied notably between the zones. The agricultural land in site 2, which is 

contaminated by chromium-asbestos mine waste, was predominantly sandy, with an average 

sand content of 91.6%. In contrast, Site 3, the uncontaminated area, had a higher percentage 

of silt and clay, averaging 16.9%. Various soil microbial (microbial biomass carbon, 

microbial respiration) and enzymatic activities (dehydrogenase, urease, phosphatase, 

glucosidase, and fluorescein diacetate) varied significantly across the three sites. Site 1 

showed minimal microbial and enzymatic activity, followed by Site 2, while Site 3 exhibited 

the highest levels. This trend is attributed to the toxic nature of chromium-asbestos mine 

waste, which has a severely detrimental impact on soil biology, particularly in Sites 1 and 2. 

To support these findings, soil metagenomic analysis was conducted using samples from Site 

2 (contaminated) and Site 3 (uncontaminated). The results revealed that Proteobacteria made 

up 57.18% of the microbial community in the contaminated soil, highlighting their significant 

presence. This high abundance is likely due to Proteobacteria's ability to adapt to 

environments with elevated levels of PTEs. Additionally, there was a significant difference (p 

< 0.05) in the abundance of Acidobacteria between the contaminated soil (7.12%) and the 

uncontaminated soil (2.01%). This variation may be linked to the slightly more acidic 

conditions observed in Site 2. To assess the levels of potentially toxic elements (PTEs), soil 

samples were collected from all three sites, digested, and analyzed using an atomic 

absorption spectrophotometer. The results showed that both total and DTPA-extractable 

concentrations of PTEs were significantly higher in Site 1 [(Total_Cr: 2018.24 ± 88.35 mg 

kg-1, DTPA_Cr: 10.05 ± 0.42 mg kg-1); (Total_Ni: 1484.88 ± 47.67 mg kg-1, DTPA_Ni: 7.82 

± 0.61  mg kg-1)] and site 2 [(Total_Cr: 1350.60 ± 76.90 mg kg-1, DTPA_Cr: 7.41 ± 0.87 mg 

kg-1); (Total_Ni: 1059.95 ± 33.8 mg kg-1, DTPA_Ni: 5.91 ± 0.36 mg kg-1)] as compared with 

site 3 [(Total_Cr: 96.22 ± 4.5 mg kg-1, DTPA_Cr: 3.36 ± 0.89 mg kg-1); (Total_Ni: 263.45 ± 

10.7 mg kg-1, DTPA_Ni: 3.91 ± 0.75 mg kg-1)]. The above observations revealed that 

agricultural soils in both Site 1 and Site 2 are heavily contaminated with PTEs. However, 

since Site 1 is a tailing dump with no agricultural activity, Sites 2 and 3 were selected for 

assessing PTEs concentrations in crops, as this directly impacts the food chain. Rice, being a 

staple food across South Asian countries, was chosen for the study. The analysis showed 

significantly higher concentrations of PTEs in the roots, shoots, and grains of rice grown in 

Site 2 compared to Site 3, with levels exceeding the permissible limits set by the WHO. 

Alarmingly, not just the raw rice grains, but also the cooked rice retained these toxic 

elements, posing a direct threat to human health through ingestion. Long-term consumption 

of such contaminated food can lead to serious health risks. To further validate these findings, 

two statistical models were applied: the Free Ion Activity Model (FIAM) and the SAMOE 

(Severity Adjusted Margin of Exposure) risk thermometer. FIAM results indicated that the 

movement and uptake of PTEs in rice parts are influenced by soil pH and organic carbon 

content. The SAMOE model categorized the risk level of rice grains as high (Class 5), while 

cooked rice was rated as moderate risk (Class 4). Overall, prolonged exposure to mining 

waste and consumption of contaminated food not only threatens human health but also 

disrupt the broader ecosystem. To analyze the distribution patterns of PTEs, various models 
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such as geospatial distribution (GIS), positive matrix factorization model (PMF), and self-

organising map (SOM) were employed. The GIS results indicated that PTEs concentrations 

were significantly higher in areas close to the mining site. The PMF model was particularly 

useful in identifying the specific sources of pollution, revealing that both mining operations 

and natural geological source were the main contributors to contamination in the region. 

Meanwhile, the SOM model effectively illustrated the distribution patterns of PTEs across 

the study area. 

Tolerance assay of Vetiver grass via hydroponic system 

A hydroponic system (soil-less medium) allows plants to easily absorb nutrients directly from 

water. This experiment was conducted to assess vetiver's ability to tolerate high 

concentrations of PTEs, mainly Cr. This study also observed the biochemical and 

physiological responses, and determined Cr distribution and translocation pattern in the plant 

parts. Initially, vetiver plants were acclimated in hydroponic containers filled with nutrient 

solution for 30 days. After acclimation, the plants were transferred to fresh media containing 

varying concentrations of Cr (0, 5, 10, 15, 20, 50, and 100 mg kg-1) and maintained for 

another 21 days. Results showed that Cr accumulated more in the roots than in the shoots at 

all time points. Vetiver demonstrated the ability to tolerate high level of Cr concentrations. 

Moreover, stress-related enzyme and biochemical properties activities were increased in roots 

compared to shoots. These findings suggest that vetiver is an effective accumulator of 

chromium and can be considered a promising candidate for phytoremediation. 

Boosting phytoremediation efficiency through appropriate mycorrhizal culture 

Vetiver is a well-recognized plant for use in bioremediation purposes. To enhance its efficacy, 

vetiver plants inoculated with arbuscular mycorrhizal fungi (AMF) were introduced into the 

contaminated soil samples. For experimental purposes, the samples were collected from a 

waste-contaminated area near the chromium-asbestos mining site. Vetiver plants were 

cultivated at the Experimental Agricultural Farm of the Indian Statistical Institute (ISI) in 

Jharkhand, India. AMF cultures including Glomus hoi (M1), Funneliformis coronatum (M2), 

Claroideoglomus claroideum (M3), and Claroideoglomus etunicatum (M4) were sourced 

from The Energy and Resources Institute (TERI), New Delhi. A pot experiment was carried 

out in the greenhouse at ISI’s Experimental Farm using a completely randomized design 

(CRD) with five treatment groups, each replicated three times. The experiment was 

conducted for 60 days, after which the concentrations of PTEs were measured in the vetiver 

roots, shoots, and soil. Following the experiment, a significant reduction in bioavailable trace 

elements (TEs) in the soil was observed during both the WS-TEs phase (around 77%–89%) 

and the EX-phase (around 74%–87%) when vetiver was inoculated with M1 (Glomus hoi). In 

contrast, control plants showed much lower reductions (WS-TEs: 16%–42%; EX-TEs: 8%–

28%) as shown in Fig. S2. Among the other AMF treatments (M2, M3, and M4), the least 

reduction in TEs was recorded with M4 (Claroideoglomus etunicatum). The findings revealed 

that vetiver plants treated with all four AMF species accumulated significantly greater 

amounts of trace elements (Cr, Ni, Cd, Pb, and Cu) in their roots. Specifically, plants 

inoculated with Glomus hoi showed increased root concentrations of Pb (33.21%), Cu 

(32.44%), Cd (27.79%), Ni (27.44%), and Cr (21.74%) compared to the control group. 
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Among these elements, Cr and Ni were most abundant in the shoots of AMF-inoculated 

plants, followed by Cd, Pb, and Cu. The highest percentage of root colonization was observed 

in the M1 treatment, while no colonization was detected in the control plants. Inoculation 

with AMF not only enhanced phytoremediation efficiency but also contributed to improved 

soil fertility. 

Conversion of PTE-enriched vetiver plant through vermicomposting technology and 

assessing the efficiency of the vermi-remediating products  

Although mycorrhiza-assisted phytoremediation has many advantages, a key concern is the 

risk of recontamination. After absorbing PTEs by plants and later shedding their shoots onto 

the soil, these harmful substances can again contaminate the environment. A promising, low-

cost solution to this problem is vermi-technology, which uses earthworms to break down 

PTE-contaminated plant material and transform it into nutrient-rich organic compost. For this 

experiment, vetiver plants enriched with PTEs from the earlier mycorrhiza-assisted 

phytoremediation study were used. The shoot portions were dried, ground, and then 

introduced into a setup with the earthworm species Eisenia fetida. However, within 10 to 14 

days, a 100% mortality rate was observed among the earthworms. This was likely due to the 

high concentration of PTEs in the plant material, which had a direct negative impact on 

earthworm survival. Following this, the fine plant material was mixed with cow dung in two 

different ratios (T1: 1:1 and T2: 2:1), while cow dung (T3) alone served as the control. The 

mixtures were left to homogenize for 14 days before introducing the earthworms, at a rate of 

10 Eisenia fetida per kilogram of material. The experiment was carried out over a period of 

90 days. At the end of the trial, measurements were taken for earthworm population, PTE 

content in the earthworm gut, and the bioavailable fraction of PTEs in the substrate. Result 

revealed that the earthworm population was rapidly increased in the T3 and T1 treatments as 

compared with T2. Using the freeze-kill method, PTE content in the earthworm gut was 

assessed. The highest concentration of PTEs was detected in earthworms from Treatment T2, 

followed by T1, while only trace amounts were found in T3. This pattern is likely due to the 

fact that T2 contained twice the amount of PTE-contaminated plant material, whereas the 

cow dung-only treatment (T3) had the lowest PTE levels. During the initial phase, the 

concentration of bioavailable PTEs was higher in treatments T1 and T2. However, after 90 

days, once the vermicompost had matured, these levels dropped significantly. To assess the 

effectiveness of the two vermicompost products, both pot and field experiments were 

conducted using different crops. For the experiments, we used tomato plants in pots and rice 

in the field trials. Two types of vermicomposted products (1:1 ratio and 2:1 ratio) were 

introduced as treatments. We also included a control group without any organic or inorganic 

fertilizer, and another treatment with just NPK fertilizer. One more treatment involved the 

direct application of plant material enriched with potentially toxic elements (PTEs). The 

tomato experiment was conducted for 60–70 days, while the rice experiment was carried out 

for 110–120 days, with three replications for each. Result indicated that the treatments 

involving vermicomposted products showed negligible levels of bioavailable PTEs in the 

shoots and grains of both tomato and rice. Most of the PTEs were found in the plant roots 

section. Additionally, the treatment with direct application of PTE-enriched plant material 

estimated the presence of PTEs in the rice grain and tomato. Overall, the combination of a 1:1 
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mix of vermicomposted product with half the recommended dose of fertilizer resulted in 

better growth and yield in both the pot and field experiments. Therefore, the integration of 

different bioremediation technologies provides a holistic and sustainable strategy for 

mitigating soil PTEs contamination. Also, this approach contributes to the generation of 

nutrient-rich organic compost. Such a system holds significant promise for improving soil 

health and agricultural productivity in mining-impacted regions, while also offering a 

scalable model for sustainable remediation practices at a global level. 

Conclusion 

The study illuminates that a comprehensive, eco-friendly approach integrating 

phytoremediation, microbial inoculation, and vermicomposting can effectively address the 

complex issue of soil contamination by potentially toxic elements in mining-impacted 

regions. The use of vetiver grass amended with mycorrhizal fungi such as Glomus hoi, 

significantly enhanced the uptake and immobilization of PTEs in contaminated soils, 

particularly Cr and Ni. However, the challenge of safe disposal of PTE-enriched biomass was 

effectively overcome through vermi-technology, where mixing contaminated plant material 

with cow dung in a 1:1 ratio proved most beneficial. This treatment not only reduced the 

bioavailability of PTEs but also resulted in the production of valuable organic amendments, 

which improved plant growth and yield of the crops. Moreover, the results highlight soil 

properties, microbial and enzymatic activities, and PTEs distribution patterns vary 

significantly across contamination gradients, reinforcing the need for site-specific 

interventions. The combination of these green technologies offers a sustainable and scalable 

solution, improving soil health, supporting safer agriculture, and minimizing environmental 

and health risks. This integrated strategy holds great promise not only for rehabilitating 

contaminated lands in mining areas but also as a replicable model for sustainable remediation 

worldwide. 

      

   Pradip Bhattacharyya           Sonali Banerjee 
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Chapter 1: Introduction 

 

1. Investigation Scenario 

The land of mines and minerals, ‘India’ is the producer of chromium ore in the world. 

Jharkhand is one of the leading states of chromium ore production according to the Indian 

Bureau of Mines IBM (2013) and it holds the sole chromium mine that is situated at the Roro 

hills, Chaibasa, India. In the past few decades, the rapid development of mining sectors 

mining activities, and abrupt dumping of mine wastes in surroundings causes the 

contamination of PTEs (Cr, Ni, Cd, Cu, and Pb) in nearby agricultural field soil and thereby 

raising critical health concerns for the environment as well as human (Mileusnic et al., 2014; 

Nawab et al., 2015). During monsoons, due to heavy rainfall and wind blow, these toxic mine 

wastes are easily carried out from the abundant and active mine site to the nearby area and 

polluted the water streams, agricultural soil, and crops (Kumar and Maiti, 2015). The release 

of PTEs into the environment occurs through natural processes such as weathering or erosion 

from rocks, as well as anthropogenic processes such as mining, industrialization, dumping 

sludge, and fuel production, all of which have detrimental impacts on natural ecosystems 

(Nawab et al., 2018; Nawab et al., 2019). As a result of its toxicity, easy accumulation, 

devoid of nutrients, low water holding capacity, and non-biodegradable nature of chromium 

mine waste, is a threat to the ecosystem. These poisonous PTEs from chromium asbestos 

mines cause several diseases including lung cancer, skin cancer, kidney damage, skin 

irritation, brain damage, etc. (Kapoor et al., 2022). In the long run, PTEs poisoning has had a 

serious ecological impact such as affecting soil function, soil quality, and degrading organic 

pollutants.  

1.1 PTEs pollution enumeration and health risk assessment surrounding chromium-

asbestos mine sites  

Various indices (pollution index PI, contamination index CI, ecological risk assessment ERI, 

and geo-accumulation index Igeo) have been determined to estimate soil pollution by PTEs in 

agricultural soil (Proshad et al., 2020). It is common to use total soil PTEs content as an index 

of metal hazard, however, this does not take into account soil properties as they affect metal 

solubility and bioavailability. As a consequence, such indices are not always relevant for both 

protecting human health from PTEs hazards and judging whether agricultural land is suitable 

for growing crops. The human body exposure pathways (ingestion, inhalation, and dermal) 
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have been assessed to investigate the health hazard caused by PTEs as they have high 

biotoxicity and persistence in nature (Oluwasola et al., 2021). Therefore, PTEs need to be 

understood for the safety purpose of human health, for children especially who tend to eat 

and drink frequently and are more likely to ingest PTEs accidentally (Jin et al., 2019). In light 

of the fact that existing health risk assessment depends on the conventional models with few 

deterministic factors but due to variation in specific individuals and uncertainty of 

concentration, it is difficult to consider the point estimation method for determining the most 

dangerous element for living beings (Brtnicky et al., 2019). This method either over or 

underestimate the level of risk (Yang et al., 2019). In probability risk analysis, MCS is one of 

the most effective approaches since it identifies risk management priorities based on the 

guidelines and determines whether the risk exceeds the threshold value (Tong et al., 2019). 

The sources of potential soil pollution, particularly those that can be attributed to human 

activities, need to be identified and quantified in order to effectively control PTE-related 

health risks (Hou and Li, 2017). In combination, SOM and cluster analysis provide a logical 

way of comparing quantitative characteristics among diverse groups of PTEs (Nakagawa et 

al., 2020). In accordance with USEPA (2014), the PMF model can estimate the positive 

contribution of each point and help allocate each element's contribution (Tian et al., 2018). 

The accuracy of the PMF model is limited as it relies on researcher’s explanation for the 

background data of the study site (Li et al., 2020). So, in this study area, to enhance the 

accuracy of source identification, the collaboration of PMF with Pearson’s correlation 

analysis originated. In addition to SOM's ability to recognize and classify elements, and the 

application of PMF may further substantiate its results with regards to apportioning the 

contribution of diverse sources. Thus, on the basis of both concentration- and source-oriented 

health risks caused by soil PTEs, the probabilistic risk estimation methods were employed to 

accurately identify the riskiest PTEs. The application of spatial distribution maps (GIS) to 

investigate the patterns of soil bioavailable PTEs in agricultural soils affected by mining 

activities. Therefore, this combine multi model approach would estimates the joint ecological 

and human health risks, determines the priority pollution sources, and controls and manages 

these sources to protect ecosystems and living beings in the chromium-asbestos mines region, 

Toxic PTEs are easily leached out from the chromium mine tailings and contaminate the 

adjacent agricultural land and water bodies during monsoons amid intense rainfall and runoff 

water (Kumar and Maiti, 2015). To assess the toxicity of PTEs in mine waste-polluted soils, 

the Toxicity Characterized Leaching Procedure (TCLP) method by USEPA is regarded as a 
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worldwide benchmark test for PTEs leachability as well as determining the movement of 

contaminants in liquid, solid, and multiphase wastes (Yu et al., 2014). The chemical nature of 

contaminants determines their mobility and toxicity in soils (Mandal et al., 2019). For the 

assessment of bioavailability in PTEs polluted soil, it is necessary to be aware of the PTEs 

content, species, and leachability under different environmental conditions at the mine waste 

dumpsite (Chezom et al., 2013). The TCLP Hazard Quotient [TCLP-HQ] is an additional 

effective strategy for determining the compatibility of soil for the production of food items in 

relation to the risk to human health posed by the consumption of PTEs in the diet (Golui et 

al., 2020). In this context, proper evaluation of PTEs leachability and accumulation pattern in 

soil is crucial. So, in the modern era of research with soft computational data-driven 

statistical models, many machine learning (ML) algorithms have been applied to foresee soil 

PTEs leachability trends despite little data and complicated soil systems in mining locations 

(Sengupta et al., 2021). Additionally, it emphasized cross-validating various ML algorithms 

and employed the best-fit one to foretell each PTE's leachability patterns. Meanwhile, the 

geostatistical method can also be implemented to evaluate the leachable-accessibility pattern 

of various PTEs in soil systems through spatial distribution data (Mondal et al., 2017). 

The total PTEs concentration could overstate the health risk, and only a small amount (less 

than 100%) of PTEs can disintegrate from the soil into digestive fluids (stomach and 

intestinal) after being consumed. In light of this, bio-accessible PTEs have become more 

prevalent to conduct more precise risk assessments (Wang et al., 2023). As part of in-vivo 

animal bioassays, swine, mice, and rats have been used to evaluate PTEs bioavailability in 

soil. However, animal models are complex, time-consuming, and expensive, making them 

unpracticable (Denys et al., 2012; Li et al., 2019). To overcome this limitation, a modified in 

vitro test has been developed to determine the bio-accessibility of PTEs in mine waste-

polluted soils using a variety of tests, including the stomach phase (S-phase) and intestinal 

phase (I-phase) tests (Sarkar and Dutta 2003). The probability distribution pattern analysis 

utilizes various reliable techniques to determine the bio-accessible significance of PTEs and 

evaluate the potential risks posed by the various forms of PTEs (Ghosh et al., 2023a). 

1.2 Evaluation of PTEs level in agricultural crop and dietary risk determination 

Major crops mainly rice, wheat, maize, vegetables etc.  grown on mine sites significantly 

accumulate a high concentration of PTEs (Cr, Ni, Cu, Pb) in their body parts (root, shoot, and 

grain) that leads to a potential threat to the food chain (Nawab et al., 2016; Zhao and Wang, 
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2020). Ingestion of these PTEs contaminated crops grown on agricultural fields near mining 

sites causes significant human health risk including carcinogenic and non-carcinogenic risks 

(Khan et al., 2018; Zakir et al., 2021). The safety of food is of great concern for health and 

well-being. Despite dietary diversity, staple foods provide the majority of our nutritional 

intake. The staple food of more than half of the world's population, rice (Oryza sativa L.), 

forms an integral part of the diet of Southeast and East Asians (Chan, 2014). The potential of 

rice to accumulate PTEs is around three times that of other crops, leading to it being more 

susceptible to PTEs pollution near mines area. The accumulation of PTEs in rice (WH) also 

influences protein and amylose content. The disposal of mine waste in agricultural fields 

close to the chromium mine, areas in which locally farmed cooked rice (boiled rice) is grown, 

poses a significant threat to the villagers (Kumar and Maiti, 2015). Rice produced on 

chromium waste-contaminated land accumulates PTEs, which can lead to a variety of 

illnesses including mesothelioma, skin cancer, and brain impairment (Kapoor et al., 2022).  

In order to estimate safe limit of each PTEs in chromium-asbestos mine waste-contaminated 

soil, multiple approaches have been considered. It is critically important to predicting how 

well toxic elements are solubilized in soil and how they are transferred from soil to plants to 

determine the risk of PTEs contamination of soil. Firstly, to assess the threat of PTEs 

contaminated soils in terms of Hazard Quotient (HQ), several authors have successfully used 

simple approaches like FIAM to predict the uptake of PTEs by plants (Golui et al., 2017; 

Kumari et al., 2021). Soil pore water is the foremost important factor to predict risk. Hence, 

the PTE concentration in pore water affects the bioavailability of PTEs in crops and 

ecotoxicity to microbes (Golui et al., 2021). Using FIAM, villagers of Roro mines, Jharkhand 

were exposed to health risks linked with the consumption of contaminated rice grain when 

the FIAM-Hazard quotient (HQ) exceeded 1. Similarly, FIAM predictability in rice, wheat, 

and maize in Bihar and West Bengal was reported earlier (Maity et al., 2020). Further, this 

model will facilitate soil contamination risk assessment in routine. Considering that soil-crop-

food transmission of PTEs to humans is a persistent process, health risk analysis can be a 

useful tool for evaluating the efficacy of interventions. Secondly, to determine the human 

health risk from PTEs through dietary intake, the severity-adjusted margin of exposure 

(SAMOE) viz “Risk Thermometer”, SAMOE-Target cancer risk (SAMOE-TCR), and Fuzzy-

TOPSIS rank can be determined (Chowdhury et al., 2020). These parameters evaluate the 

potential ecological risk that PTEs pose to the health of animal as well as human when they 

have consumed rice parts (husk, without husk rice, boiled rice and starch). For forecasting the 
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dietary risk of PTEs contamination to living beings, artificial neural networks (ANN) model 

that resemble the human brain is implemented (Cho et al., 2011). Moreover, to obtain a 

broader perspective on the actual health risk scenario of chromium mine area, the decision-

making trial and evaluation laboratory (DEMATEL) approach has been taken into account. 

DEMATEL uses survey questionnaires to first prioritize the relevance of the criteria and then 

create causal links between the criteria (Shieh et al., 2010). 

1.3 Soil microbial-enzymatic aspect in mine site: An insight through bacteriome analysis 

Soil is the natural habitat for a diverse range of living organisms, encompassing plants, 

animals, and microorganisms (Kuang et al., 2016). Microorganisms, being the most 

predominant group present on Earth, serve a vital role in maintaining the biological activity 

and biodiversity within the soil. Since soil microorganisms are highly sensitive to changes in 

their environment, they are frequently used as accurate stress indicators of the environment 

(Schloter et al., 2003). Nevertheless, both anthropogenic and natural stressors have the 

potential to induce disturbances in microbial biodiversity. The alteration of microbial 

communities is strongly linked to variations in physicochemical factors, such as pH, 

temperature, and cationic stress (Xiong et al., 2012). Additionally, imbalances in nutrient 

levels (Zhang et al., 2017), improper agricultural practices (such as pesticide and chemical 

fertilizer usage), industrial effluents, mining activities, and the presence of toxic potential 

hazardous elements (PTEs) have been recognized as key factors that influence changes in 

microbial communities (Sarma et al., 2022; Banerjee et al., 2023). Numerous investigations 

undertaken on the mining site revealed that mining activities generate a variety of toxic PTEs 

(Cr, Cd, Ni, Pb, and Cu) forms (water-soluble, exchangeable, and oxide-bound) which 

influence the structure and function of the microbial community, resulting in a decrease in 

their overall abundance and activity (Tripathy et al., 2014). For instance, elements 

(bioavailable forms) such as Cr, Ni, and Cd can initiate oxidative stress and denaturation of 

microorganisms (Booth et al., 2015). On the other hand, Cu and Pb result in the degradation 

of cytoplasmic molecules, DNA structure, cell membrane, lipids, and other proteins (Olaniran 

et al., 2013). However, there is evidence that microbes can display resistance and persist 

existence in environments contaminated with PTEs. Hence, it is imperative to have a 

comprehensive understanding of the microbial diversity and functionality inside chromium-

asbestos mine waste (CAMW)-contaminated agricultural soil, as this knowledge is crucial for 

comprehending the ecological processes occurring within chromium-asbestos mine soil 

ecosystems (Bruins et al., 2000). 
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Microbial biomass carbon (MBC), microbial respiration, fluorescein diacetate activity (FDA), 

and various enzymatic activities such as dehydrogenase (DHG), urease (U), glucosidase 

(BG), and alkaline phosphatase (AP) have been widely used as potent indicators of soil health 

in numerous studies, helping assess the extent of disturbance experienced by microbial 

populations (Ghosh et al., 2024). The eco-enzymatic stoichiometry approach has been 

extensively employed to elucidate the constraints on microbial metabolism, particularly 

concerning C, N, or P limitations (Cui et al., 2018). In order to discern the attributes of soil 

microbial metabolism, Moorhead et al. (2013) put forth a method involving the computation 

of the "length" and "angle" of the vector within the enzymatic C:N versus C:P acquisition 

activity ratio. This approach enables the quantification of the relative allocation of resources 

towards C versus nutrient acquisition (vector length), as well as P versus N acquisition 

(vector angle). Consequently, this approach shows promise in elucidating the metabolic 

response of microorganisms under stress conditions. It is a widely acknowledged fact that a 

significant proportion of microorganisms cannot be successfully culturable using synthetic 

media (Handelsman, 2004). In order to assess the collective behavior of microorganisms, 

culture-independent approaches (16s rDNA metagenomics analysis) are employed to 

ascertain the diversity, evolution, abundance, and activity of soil microbial populations 

(Riesenfeld et al., 2004). Microbial community analysis has emerged as an effective strategy 

for enhancing our understanding of soil microbiology and global micro-ecology. 

Consequently, this facilitates our ability to progress towards enhanced environmental 

governance, preservation, and long-term viability. 

1.4 Synergistic impact of soil PTEs and alkalinity on soil health 

Apart from the toxicity of PTEs in chromium mine sites, alkalinity in soil systems also has a 

major effect on microbial populations. Recent research has indicated that inadequate 

irrigation practices and the recycling of industrial waste materials can lead to an increase in 

soil alkalinity, specifically in potassium and magnesium levels (Rengasamy, 2002). 

Potassium, being a monovalent cation, can exert a comparable influence on sodium 

(Rengasamy, 2006; Arienzo et al., 2009). Therefore, instead of sodium adsorption ratio 

(SAR), and exchangeable sodium percentage (ESP), the 'monovalent cation ratio' (MCAR) 

indices have been developed by Smiles and Smith (2004) to estimate proper alkalinity in soil. 

According to Rengasamy (2002), the increased hydration energy of magnesium ions relative 

to other monovalent and divalent cations causes clay dispersion and swelling. Another crucial 

metric, the cation ratio of soil structural stability (CROSS) index, has been used to ascertain 
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the actual alkalinity levels in the soil to reconcile all the disparities (Rengasamy, 2002). 

Several studies have explored the influence of various alkalinity indices on soil structure, yet 

limited literature addresses their impact, including CROSS, MCAR, ECR, and MH, on soil 

microbial diversity 

1.5 Various remediation strategies: An insight through bio-based approach(s) 

Moreover, soil microorganisms play a vital role in restoring soil health and quality, breaking 

down organic matter, and facilitating nutrient exchange between soil and plants (Fierer, 

2017). However, they are highly sensitive to environmental shifts, which can significantly 

alter ecosystem functions (Coban et al., 2022). Soil enzymes are also vulnerable to PTEs, 

being key in nutrient cycles (Lopez et al., 2019). Enzyme activities, especially those of 

glucosidase, phosphatase, and dehydrogenase, decline steadily as concentrations of PTEs 

(Cd, Cr, Pb, and Ni) increase, making them reliable indicators of soil and environmental 

health (Jha et al., 2023). In recent times, the mining sector has emerged as a significant 

contributor to the global economy, while simultaneously producing substantial quantities of 

hazardous toxic waste. Remediation of soil polluted with hazardous waste necessitates novel 

strategies; unfortunately, the majority of existing approaches are neither sustainable nor cost-

effective and can substantially generates secondary waste as well as alter the soil properties 

(Mukherjee et al., 2022). Therefore, managing toxic waste upon the completion of mining 

activities has become a crucial aspect of ecological restoration (Midhat et al., 2019). For this 

purpose, to detoxify toxic elements-rich chromium waste, various physical, chemical, and 

microbiological techniques are available. However, these methods are often costly and can 

have negative environmental impacts. Therefore, the suitable environmental agents 

(combination of appropriate plants microorganisms and earthworms) could remediate soil 

toxicity, enhance re-vegetation of polluted areas, promote long-term soil stability, and 

mitigate erosion by facilitating surface stabilization. Therefore, this innovative, holistic, 

green-sustainable approach not only mitigates PTEs toxicity but also facilitates gradual 

restoration of damaged ecosystems (Siyar et al., 2020).  

1.6 Mycorrhiza-assisted phytoremediation approach 

An emerging in-situ eco-friendly restoration technology, “Mycor-phytoremediation”, 

employs natural agents [native or exotic plant species and symbiotic arbuscular mycorrhizal 

fungi (AMF)] for remediation of PTEs from toxic mine waste amended soils. Its affordability, 

compatibility with ecological principles, and sustainability nature serve as a one of the most 
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promising, widely recognised bio-remedial technology (Singh et al., 2019). Out of the 

different strategies used in phytoremediation, "phytostabilization (immobilization of PTEs 

within the soil, limiting mobility and bioavailability)” and "phytoextraction” (the 

mobilization, uptake, and sequestration of PTEs within plant tissues, facilitating their removal 

from contaminated sites)” have proven to be the most popular and successful techniques 

(Gravand et al., 2021). Another promising technology mediated by AMF which forms 

symbiotic association with plant roots and enhance plant nutrition, improve overall health, 

boosts the phytoremediation efficiency and plants' capacity to withstand and adapt to stress 

caused by PTEs (Verma et al., 2021). Certain plants have shown remarkable capability in 

extracting, and sequestering substantial level of PTEs and are often recognized as promising 

choices for phytoremediation (Roy and Pandey, 2020). The perennial, fast growing C4 grass, 

Chrysopogon zizanioides L., (Vetiver: Poaceae family) is native to South and Southeast Asia 

and it has ability to tolerates abiotic stress (including drought, salinity, PTEs stress, and water 

logging) with its massive deep roots, making it ideal for soil erosion control and challenging 

environments (Oshunsanya et al., 2019; Singh et al., 2021). It exhibits exceptional tolerance 

to high concentrations of toxic elements like Cd, As, Cr, Cu, Pb, Hg, Ni, Se, and Zn while 

also adapting to diverse soil conditions, including a wide pH range and low fertility (Banerjee 

et al., 2019). More than 80% of terrestrial plants are symbiotically associated with AMF, a 

crucial component of soil microbiota. Vetiver also possesses a symbiotic association with 

AMF (extensive hyphal networks), which promotes nutrient absorption (especially 

phosphorus), and plays a crucial role in soil restoration (Nanjundappa et al., 2019). Moreover, 

AMF generates hydrophobic glycoprotein, particularly glomalin-related soil proteins (GRSP) 

in soil, which plays a crucial role in improving nutrient availability, enhancing PTEs 

sequestration, and soil aggregation (Agnihotri et al., 2022). The AMF also mitigates PTEs 

toxicity which is achieved by PTEs immobilization within hyphae and storing PTEs within 

fungal vacuoles (Mohammadi et al., 2011). This association between plants and AMF 

promotes growth, development, biomass production even under PTEs stress condition 

(Giovannini et al., 2020).  

AMF assisted phytoremediation using vetiver grass is a promising approach for developing 

sustainable productivity, improving soil health, and protecting plants from PTEs stress 

(Dhalaria et al., 2020). After the uptake of PTEs by the plant-microbe system, the 

accumulated metals are sequestered within the plant biomass. Hence, the safe and efficient 

recycling of this biomass is crucial for completing the remediation process and prevent 
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secondary environmental contamination. Additionally, CAMW by-products raise ecological 

concerns due to their toxicity, presence of harmful PTEs, tendency to accumulate, lack of 

nutrients, poor water retention, and resistance to biodegradation (Kumar and Maiti, 2015). 

The high concentration of PTEs in agricultural soil poses an alarming situation to sustainable 

farming practices. 

1.7 Vermi-remediation approach 

In this background, “Vermi-composting technology (VCT)”, can be considered as a nutrient 

rich, environment-friendly, sustainable and cost-effective approach to detoxify the plant 

biomass (Wang et al., 2018). It is often utilized as a soil conditioner or organic amendment to 

enhance soil quality and crop productivity, owing to its substantial content of humified 

organic matter and its remarkable capabilities in water retention, soil aeration, drainage, 

porosity, and promoting bacterial development, rendering it an exceptional soil conditioner 

(Tejada et al., 2010). Chakraborty et al. (2024) also showed that the application of 

vermicompost drastically decreased the availability of PTEs in plants. Additionally, 

following the myco-phytoremediation process, the PTEs become concentrated in the plant 

biomass. Therefore, safely and efficiently recycling this biomass is essential to require 

another remediation process to avoid secondary environmental contamination. VCT has 

proven effective in treating various industrial wastes and other biobased waste, including 

steel waste (Jha et al., 2023), and tannery waste (Vig et al., 2011). It also stabilizes organic 

materials via the interaction of microbes and earthworms, and has been suggested as a 

valuable resource for soil restoration and the enhancement of soil organic carbon content and 

quality. Epigeic earthworms can reduce the bioavailability of PTEs through detoxification 

processes involving metallothioneins and similar proteins (Hussain et al., 2021). The 

effectiveness of earthworms in degrading industrial waste is largely influenced by their feed 

composition. The mixing ratio and composition of feed stocks in vermibeds play a crucial 

role in determining earthworm degradation efficiency and the quality of the final product 

(Ramnarain et al., 2019). In microbial cell membrane, the key components are phospholipid 

fatty acid (PLFA) and microorganisms adjust the configuration of these fatty acids to adapt to 

environmental fluctuations (Quideau et al., 2016). Furthermore, studies have shown that 

PLFA-based analysis of microbial community structure offers superior accuracy compared to 

DNA fingerprinting or PCR approaches (Ramsey et al., 2006).  
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1.8 Crop experiment 

Therefore, combination of all bio-based approaches establishes a sustainable framework for 

utilising CAMW-vermicompost and PTE-enriched vetiver vermicompost (PTE-EVVc) in 

agriculture area. The application and efficacy of this transformed waste as an organic 

amendment has several potential advantages regarding crop yield, soil nutrient status, 

microbial response, and biochemical characteristics of the crop. The vermicompost serves as 

nutrient-rich organic soil amendment, enhancing soil fertility and boosting crop yields. 

Different crops, like sesame (oil seed crop), chilli (horticultural crop), tomato (vegetable), 

and rice (cereal) etc. have been widely utilized as a test crop for evaluating the efficiency of 

the vermicomposted product through pot and field trials. 

Sesame (Sesamum indicum L.) is one of the most ancient oil-seed crops and holds a 

significant role in both the Indian and global agricultural sectors. Sesame is a member of the 

Pedaliaceae family and contains 40-50% oil. A notable characteristic of sesame is its 

resilience and capacity to endure adverse climatic and environmental circumstances. Sesame 

pods are abundant in fatty acids such as oleic, palmitic, vitamins (A, E, and B), and stearic 

acids (Kurdiya et al., 2020). Another important horticultural crop i.e chilli (Capsicum annum 

L.) belongs to the family of Solanaceae and is one of the most extensively grown spices, 

greatly valued for its pungency, taste, and medicinal properties. Being a native of America, it 

has become a central component in global culinary traditions (Wahocho et al., 2016). 

Worldwide, China and India are the leading producers of chillies, accounting for over half of 

the total production, and play a key role in the nation's economy (Tripodi et al., 2019). 

Chillies are prevalent in various culinary, agricultural markets and offer enormous health 

benefits. A wide range of bioactive chemicals are present in chilli, including capsaicin, beta-

carotene, ascorbic acid, flavonoids, and phenolic compounds, which have the ability to 

combat various infections and diseases (Das et al., 2016). Capsaicin (C18H27NO3; N-vanillyl-

8-methyl-6-nonenamide) is a phenylalkylamide alkaloid that imparts “pungency” and 

“hotness” to chillies. It is synthesised by the condensation of 8-methyl-6-nonenoyl-CoA and 

vanillylamine (Keyhaninejad et al., 2014). Capsaicin is significant in mitigating gastric ulcers 

through the selective stimulation of afferent nerves in the gastric mucosa, which inhibits acid 

secretion, enhances mucus production, and primarily accelerates gastric mucosal blood flow, 

thereby facilitating ulcer prevention and healing (Kang et al., 1996). Hence, chilli has 

achieved global recognition due to its pharmacological properties, therapeutic potential, and 

its economic and cultural significance (Prasad et al., 2005). Tomatoes (Solanum lycopersicum 
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L.) are well acquainted globally as a popular horticultural crop for the presence of various 

antioxidant crops such as phenolics, flavonoids, lycopene, and ascorbic acid content (Meena 

et al., 2017). Tomatoes are considered an essential component of a balanced diet due to its 

multiple health benefits, including anti-cancer properties, cardiovascular disease-preventing 

capacity (Ghosh et al., 2025). Rice (Oryza sativa L.) is a staple food crop that supports a 

large portion of the global population (Tahir et al., 2020). Unlike many other cereals, rice 

cultivation involves a distinctive ecological transition (from flooded fields to wetland 

conditions) before eventually integrating into a terrestrial ecosystem (Sarkar et al., 2023). 

This unique adaptation adds an ecological intrigue to rice farming beyond its economic value 

(Dash et al., 2011). Therefore, this study offers an integrated approach to pollution evaluation 

and mitigation by transforming waste into nutrient-rich organic compost, simultaneously 

supporting sustainable agriculture and effective waste management for ecosystem. 
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Chapter 2: Review of Literature 

 

2. Background 

Human-driven activities such as agriculture, mining, industrial processes, and the extensive 

use of fertilizers and pesticides have led to an escalating demand for land resources since the 

twentieth century (Cheng, 2016). Potentially toxic element (PTEs) pollution, desertification 

of land, ecological imbalance of land, soil erosion, land degradation, environmental damage, 

and decreased soil fertility are all major environmental factors that have severe effects on 

soil, water, and air (Nosrati and Collins, 2019; Vaverková et al., 2019). PTEs pollution is an 

unadorned environmental phenomenon worldwide. Metal mining and mineral ore processing 

have a dual effect on the economy and environment. From one perspective, it provides 

economic benefits to the country, and simultaneously it causes environmental pollution. 

Abundant and active mines are the prime source of toxic PTEs. During rainy season, due to 

heavy rainfall and strong winds run-off water washes down the toxic waste material to 

agricultural fields, and surrounding water bodies simultaneously causing air, water, and soil 

pollution. PTE pollution has an irreversible, long-term residual effect, and toxicity that poses 

an immense threat to the living beings as well as the environment (Dhaliwal et al., 2020). 

Once these toxic PTEs are released into the surrounding ecosystem, it could migrate to a 

distant area, accumulate in various biotic, abiotic components of the system, and adversely 

affect the food chain, human health, and environment (Peralta-Videa et al, 2009). Lead (Pb), 

chromium (Cr), mercury (Hg), cadmium (Cd), and arsenic (As) have lethal effects in humans, 

plants, and animals but depending on the concentration; a few metals such as zinc (Zn), 

copper (Cu), manganese (Mn) and iron (Fe) have another role as an essential micronutrient 

needed for metabolic activity (Schneegurt et al., 2001; Mohan et al., 2007). PTEs 

contamination significantly alters soil characteristics and the surrounding micro-environment. 

Microorganisms, serving as dynamic bio-indicators, respond to these changes through 

variations in microbial biomass, respiration rates, and enzyme activity under PTE stress 

conditions (Hinojosa et al., 2005). Long term or short-term exposure to various toxic PTEs 

causes significant changes in physiological and ecological parameters including a reduction 

in basal respiration, microbial biomass, and an increase in metabolic entropy (qCO2) 

(Crowley, 2008; Zhao et al., 2020). The degree of PTE pollution has been evaluated by 
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several indices like pollution load index (PLI) and geo-accumulation index (Igeo) (Duncan et 

al., 2018; Hamad et al., 2019). 

Factors such as, plant life cycle, plant biomass, bioaccessibility, and bioavailability of PTEs 

in soil can influence the metal removal process (Ali et al., 2013). Various physical and 

chemical methods are available for decontamination of toxic PTEs which are usually cost-

intensive. Given the limitations of conventional cleanup techniques, bio-logical approaches 

could be looked into as a potential alternative mitigation option. In some places, 

bioremediation, phytoremediation of soils contaminated with organic or inorganic pollutants, 

such as pesticides and hydrocarbons, has become widely accepted. The popularity of 

bioremediation and phytoremediation for the reclamation of PTE-polluted soils is growing 

despite the fact that it has substantial disadvantages due to its economic viability. The term 

phytoremediation is defined as a green, eco-friendly, low-cost, holistic approach to cleaning 

up toxic contaminants from the environment by a plant-based system (Ali et al., 2013). 

Numerous phytoremediation projects have been carried out over the past few decades, and as 

a result, novel phytoremediation techniques, creative concepts, and research have emerged. 

Several phytoremediation works have been done in the last few decades and new 

phytoremediation strategies, innovative ideas, and research have evolved as a result. More 

than 500 plant species have been identified as potent PTEs hyperaccumulators (Ye et al., 

2020). A long-time span is required for plants to remediate the high metal contaminated area. 

Remediation through plant or phytoremediation is one of the most promising eco-friendly 

management strategies for reducing toxic contaminates (Burges et al., 2018).  

In past few decades researchers have worked with various types of plants, their potentiality, 

and their remediation mechanisms strategies for a better understanding of the 

phytoremediation process. Plants like Cymbopogon citrates (China et al., 2014), Helianthus 

petiolaris (Saran et al., 2020), Helianthus annuus (Lothe et al., 2016), Bryophyllum 

laetivirens (Li et al., 2020), Cordyline fruticosa (Herlina et al., 2020), etc. are widely used to 

remediate PTEs (Pb, Cd, Cr, Cu, As) and their removal mechanisms have been extensively 

studied by several researchers in last few years. Vetiver grass (Chrysopogon zizanioides) has 

been widely used for rehabilitation of mine tailings in several countries like China and 

Australia. Vetiver is a perennial grass with a huge root system (3-4 m), 1-2 m tall, and non-

invasive in nature (Andra et al., 2009). Also, Vetiver grass has a strong symbiotic association 

in the rhizosphere region with a wide range of soil microbes especially with arbuscular 

mycorrhizal fungi (AMF) which stipulates phytohormones and essential nutrients for plant 
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development (Bahraminia et al., 2016). The most advantageous properties of mycorrhizal 

root colonization are an increase in the root surface area to enhance the 

phytoremediation/phytostabilization potential. 

Numerous studies have been conducted in the past focusing on mining activities and PTEs 

contamination, exploring their effects on soil, plants, water resources, ecosystems, and living 

organisms. Previous studies also examine bioremediation approaches, utilizing plants and 

microorganisms to mitigate the adverse impacts of PTEs effectively. This review aims to 

provide a comprehensive overview of PTEs pollution in agricultural soil caused by various 

mining activities and its associated environmental impacts. Through meta-analysis, the study 

assesses PTEs contamination and examines the global distribution of key pollutants, 

including Cr, Ni, Cd, Pb, and Cu in mining-affected regions worldwide. This article also 

sheds light on the role of different plant species and microbes (especially AMF), in mitigating 

the PTEs stress condition while supporting plant growth and nutrient uptake. Additionally, 

through meta-analysis, the study evaluates the efficiency of AMF as a remediation strategy 

for mine-impacted soils contaminated with PTEs such as Cd, Cu, Ni, and Pb. 

2.1 Mines and associated potentially toxic elements (PTEs) 

According to the ancient Kautilya’s Arthshastra, “Mines are Nation’s treasury”. Mineral 

resources from mines are abundant in nature. Exploitation of these minerals enhances world’s 

economy and development but at the same time, surface mining, especially open cast mining 

causes severe environmental problem (i.e loss of surface vegetation, destruction of soil 

structure etc.). Mines are the source of various metals and minerals like iron and ferro-alloys 

(Fe, Cr, Co, Mn, Mo, Ni etc.), non-ferrous metals (Al, Sb, As, Bi, Cd, Cu, Pb, Hg, Li, Zn 

etc.), precious metals (Au, Pd, Pt, Ag), industrial minerals (perlite, sulfur, vermiculite, 

feldspar, graphite, gypsum, kaolin, etc.) and mineral fuels (uranium, petroleum, cooking coal, 

natural gas etc.). China is the largest producer of total minerals followed by United States, 

Russia, Australia, and India etc. (Reichl and Schatz, 2020).  

2.2 Chromium-Asbestos mines and its status regarding pollution 

Ferrochromium is only natural and economical resources of chromium produced in 

Chromium mines by carbothermic smelting (Beukes et al., 2010). It is a crystalline alloy 

generally composed of chromium and iron compounds. Globally, South Africa grasp most 

Chromium ores followed by Kazakhstan, India, Albania, and Turkey (ICDA, 2022). The 

active and abandoned mine wastes are the reservoirs of PTEs which have lethal effects on 
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water, soil, and living beings (Fernández-Caliani et al., 2009). These mine wastes are 

generally composed of different types of toxic PTEs mainly chromium (Cr) and Nickel (Ni) 

along with other metals such as Cu, Cd, Pb, Ni and Mn are present in lesser quantity (Bueno 

et al., 2009). Chromium (Cr) is generally utilized by different industrial activities such as 

processing and finishing of leather, production of refractory steel by stainless steel industry, 

electroplating cleaning agent, muds drilling, production of chromic acid and other chemicals, 

and use to preserve food for a short time (Shanker et al., 2005). Chromium exhibits different 

levels of toxicity depending on its chemical form, pH, reacts with other elements and 

solubility index (Thatoi et al., 2014). Cr (VI) exhibits high toxicity and bioavailability due to 

it has better solubility than Cr (III) (Abyaneh and Fazaelipoor, 2016). For humans and 

mammals, lack of Cr (III) in diet can causes metabolic deterioration, cardiac problem, 

diabetes but excess presence in the body has harmful health effects (WHO, 1996). Hexavalent 

chromium tends to act as a strong oxidizing agent; therefore Cr (VI) is 10-100 times more 

toxic than Cr (III) (Zayed et al., 1998). The toxicity level of hexavalent chromium for plant in 

solution is as low as 0.5mg kg-1 and 5 mg kg-1 for soil (Turner and Rust, 1971). Highly 

carcinogenic chromium and asbestos exposure may lead to cancer, mesothelioma, 

pneumoconiosis, skin irritations, and other respiratory problems such as irritation larynx and 

pharynx, edema, coughing, asthma etc. (Bloise et al., 2008; Pugnaloni et al., 2013). Cr is 

mostly accumulated in the root than shoot due to its less mobility in root vacuoles but in case 

of Ni, accumulation is higher in shoot than root due to greater mobility of Ni through xylem 

tissue (Pulford et al., 2001; Shanker et al., 2005). The Cr and Ni concentration in Roro 

Chromium mine waste soil is 3120 mg kg-1 and 1620 mg kg-1 respectively which exceeds the 

safety level (Cr :75-100 mg kg-1; Ni: 100 mg kg-1) of metals present in soil (IS, 1993) (Fig. 

1). Similar studies in Almadén mine site in Spain and southern Togo mine sites, Cr and Ni 

concentration has 86–35 Cr mg kg−1 and 21.2–126 Ni mg kg−1) and (182–1029 Cr mg kg−1 

and 15–432 Ni mg kg−1) respectively due to deposition of mine tailings in agricultural soil 

(Gnandi and Tobschall, 2002; Bueno, et al. 2009). In Daduk mine area of Korea, due to 

dispersion of metals from tailings and watercourses, various types of PTEs are reported in 

nearby paddy fields (Lee et al., 2001).  Another study in Co Dinh mine of Vietnam, high level 

of potentially toxic elements is also detected in rice field (5750 Cr mg kg−1, 375 Co mg kg−1 

and 5590 Ni mg kg−1) (Kien et al., 2010). Based on dynamic translocation factor (TF dyn>1), 

Cr and Ni accumulation is higher in plant parts of Oryza sativa growing in the contaminated 

agricultural fields which might have potential risk of transfer of toxic PTEs to livestock or 

human (Kien et al., 2010; Kumar and Maiti, 2014). 
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Fig. 1: Chromium-asbestos mine, Jharkhand, India 

 

2.3 Bio-based remediation strategies  

Worldwide, the immense development in industrial sectors especially mining, metal, energy 

supply, agriculture, chemical production, and transport causes significant pollution of the 

ecosystem. Globally, PTEs contamination is one of the serious nuisances to the environment 

as well as for living beings (Sun et al., 2012; Cachada et al., 2018).  As we know remediation 

of PTEss is very much complicated than any other organic pollutants. Various traditional, 

mechanical and chemical techniques such as electrochemical treatments, thermal methods, 

incineration, excavation, vitrification, chemical oxidation, and solvent extraction are widely 

utilized to remove or destroy these toxic PTEs in soil. However, these methods are often 

costly, time-intensive, and labor-demanding. Moreover, they can lead to soil degradation, and 

generate secondary waste materials, posing additional environmental management challenges 

(Khan et al., 2018). Bio-remediation techniques have gained a lot of attention due to its cost-

effectiveness, viability, no generation of secondary waste and eco-friendly (Akande et al., 

2018; ALAM et al., 2018). It includes plants, various microbes (bacteria, fungi, mycorrhiza 

etc) which are utilized to decontaminate the hazardous compounds from soil. For soil 

purification, the applications of plant alone or association with microorganisms that helps to 

stabilize, mineralize, transfer, remove the PTEs (Wang et al., 2018) 
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2.3.1 Phytoremediation 

The term ‘Phytoremediation’ is derived from Greek (‘phyton’) and Latin (‘remedium’) which 

means ‘plant’ and ‘to correct’ respectively (Cunningham et al., 1996). By the definition, 

phytoremediation is a bioremediation process in which plants (alone or in association with 

microbes) are used as purifying agents to remove, stabilize or destroy the PTEs from air, 

water, and soil in an eco-friendly manner (Wani et al., 2012). Table 1 showed different types 

of mechanisms of phytoremediation.  
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The pictorial representation is in Fig. 2. Generally, plants can extract essential nutrients (Fe, 

Zn, Ni, Mn, and Cu) as well as non-essential metals (Cr, Cd, As, Pb and Hg) which are not 

required in their physiological process and can store an enormous amount of the PTEs 

(hyper-accumulator) in their parts from contaminated soil and water (Tangahu et al., 2011).  

 

Fig. 2: Pictorial representation of different types of phytoremediation mechanisms 

There are several studies have been done regarding different mechanisms of 

phytoremediation strategies, as shown in Table 2. There are many advantages of 

phytoremediation listed as follows – 1) inexpensive technology (60%-80% lesser than 

traditional process); 2) minimize soil deterioration; 3) solar-driven remediation process; 4) no 

generation of secondary hazardous compounds; 5) suitable and broad-spectrum treatment; 6) 

sustainable and environment-friendly technique, however, one limitation is there, that plant 

requires time for their growth and development (Morikawa and Erkin, 2003). Several plant 

species have demonstrated the ability to absorb, bioaccumulate, immobilize, and degrade 

PTEs from contaminated sites.  
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Techniques like phytoextraction and phytostabilization are commonly used for remediating 

PTEs-polluted sites. Some examples include Cymbopogon citrates, Helianthus petiolaris, 

Chrysopogon zizanioides L, Pennisetum purpureum cv. Mott, Conocarpus lancifolius, and 

Cordyline fruticose etc (Andra et al., 2009; China et al., 2014; Herlina et al., 2020; Rasheed 

et al., 2020; Kowitwiwat and Sampanpanish, 2020; Saran et al., 2020). These species are key 

in cleaning contaminated soils either by extracting PTEs into their tissues or stabilizing them 

in the soil. Vegetation helps limit pollutant transport, reduce wind dispersion, and prevent 

water erosion (Perronnet et al., 2000). Unlike conventional methods that disturb soil physical 

properties, phyto-strategies maintain and enhance soil quality. Successful phytoremediation 

implementation requires considerations of biomass production, PTEs concentration in plant 

material, and the time needed for soil remediation (Robinson et al., 1998). Phytodegradation 

involves the uptake of toxic compounds by plants, where plant enzymes break down these 

substances into less harmful forms (Sun et al., 2012; Hamdi et al., 2012). Plant species like 

Arabidopsis thaliana and Azolla filiculoides are used for phytodegradation of pollutants such 

as 2,4-DNT and Bisphenol A in the USA and Iran (Yoon et al., 2008; Zazouli et al., 2014). 

Phytovolatilization occurs when plants transform the contaminant into volatile compounds 

and emit into the atmosphere through transpiration or radial diffusion from their leaves, 

stems, and roots (Limmer and Burken, 2016; Peter et al., 2017). Rhizodegradation is the 

breakdown of contaminants facilitated by rhizospheric microorganisms, where root-released 

enzymes and exudates help decompose pollutants into non-toxic forms (Jia et al., 2016; 

Gkorezis et al., 2016). Plants like Pteris vittata (Sakakibara et al., 2010) and Salicornia 

bigelovii (Shrestha et al., 2006) are involved in phytovolatilization of arsenic and selenium in 

Japan and the USA, respectively. The efficacy of phytoremediation depends on selecting 

appropriate plant species and various environmental factors. Overall, phytoremediation is a 

complex process involving multiple plant mechanisms. Understanding these processes can 

enhance plant adaptation to metal stress and improve efficiency, providing sustainable 

solutions for PTEs contamination and ecosystem restoration. 

2.3.2 Arbuscular-mycorrhizal remediation 

Naturally plants interact constantly with large number of microorganisms in their 

rhizospheric region. Beneficial microorganisms especially arbuscular mycorrhizal fungi 

(AMF) have a symbiotic association with plant roots where AMF increases plant nutrient 

uptake ability, improves biomass accumulation, amplifies photosynthesis capacity, and 

provide protection against PTEs toxicity, successively, plant provides exudates of amino 
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acids, carbon, photosynthetic product to the AMF for growth and developments (Mitra et al., 

2020).  

Around 80% terrestrial plants and 90% agricultural plants have mycorrhizal association in 

their roots where fungal hyphae enter in the cortical cells of plant roots forming vesicles, 

hyphae and arbuscles (Smith and Read, 2010). Fig. 3 denotes the schematic diagram of PTEs 

detoxification mechanism through AMF. AMF helps in immobilization of PTEss by binding 

them at cortical region, prevent translocation to the upper ground part (shoot, stem, leaves) 

and prevent damage of leaves.  

 

Fig. 3: Schematic representation provides an idea of PTE (HM) detoxification mechanisms in 

plant through arbuscular mycorrhizal fungi (AMF). 1) PTEs in mine tailing mix soil binds on 

phytochelatins (PC), metallothionein (MT), organic acids and transported across the cell wall 

and plasma membrane through ion selective transporter for HM sequestration on the vacuole 

2) Transport HMs on AMF hyphae, export it on plant cells via arbuscules and immobilize 

metals, reclaim soil water holding capacity due to glomalin production. 
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Plants are categorized based on TF value into hyper accumulator (TF>1) and non- hyper 

accumulator (TF<1). The translocation factor (TF) is higher in non-mycorrhizal associated 

plant than in mycorrhizal associated plant (Arshad et al., 2008). Endomycorrhizal fungi AMF, 

belongs to phylum Glomeromycota which considered as an eco-friendly sustainable strategy 

to enhance plant growth, increase shoot biomass, improving soil health and water uptake 

capacity, provide protection to the plant against biotic, abiotic stress and detoxify PTEs 

induced stress (Mishra et al., 2019). Glomeromycota are obligated symbiotic organisms, so 

they require around 20% of carbon from host plant cell for their survival and simultaneously 

they provide water and nutrients (P, N) through their arbuscles, intracellular and extracellular 

hyphae to the host plant (Parniske, 2008). AMF combat the PTEs stress by immobilization, 

precipitation, chelation and sequestration in rhizosphere, vacuoles and activates the plant 

anti-oxidant defense system (Mitra et al., 2020). Another way of defense mechanisms of 

AMF is to secrets a hydrophobic unique glycoprotein called ‘Glomalin’ which is composed 

of (39-59%) carbon, (0.03-0.1%) phosphorus, (3-5%) nitrogen, (4-6%) hydrogen, (33-49%) 

oxygen and trace amount of iron (Schindler et al., 2007; Zhang et al., 2017). This protein is 

basically N-linked glycoprotein produced from the spores and hyphae of AMF which helps in 

soil aggregation, cellular function, toxic PTEs stress, carbon storage etc. (Emran et al., 2012; 

Wu et al., 2015). Easily extractable glomalin-related soil protein (EE-GRSP) and total 

glomalin-related soil protein (T-GRSP) both are simply quantified from soil with the help of 

citrate buffer (Wright and Upadhyaya, 1996).  

For plant growth and nutrition, AMF increase the surface area with the help of extracellular 

and intracellular hyphae for better absorption of nutrient, water and the ions which are 

generally present in immobilize form in soil. AMF also improves the plant ability to acquire 

nutrient from nutrient depleted zone of rhizosphere (Smith and Read, 2010; Smith and Smith, 

2011). As stated by Nakmee et al., (2016), native species of AMF Glomus aggregatum, 

Acaulospora scrobiculata, F. mosseae provide a positive effect on plant nutrient uptake (total 

N, P, K), enhance plant biomass, leaf number and plant height of sorghum. It was observed 

that those wheat plants inoculated with AMF culture (F. mosseae and R. intraradices) contain 

1.13-2.76 times higher concentration of Zn than non-inoculated wheat plants (Coccina et al., 

2019). Various abiotic stresses like salinity, PTEs, drought, flooding, extreme temperature etc. 

AMF community withstand independently against these unfavorable stress condition for its 

host plant and provide sufficient water in drought stress, supply nutrients (phosphorus) and 

balance osmotic pressure in flooding stress condition (Zhu et al., 2017; Caradonia et al., 

2019). Under drought condition, tomato plant containing AMF (R. intraradices) colonization 
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on their roots, provides sufficient water-nutrient to the tomato plant for better growth during 

water stress situation. Inoculation with G. etunicatum enhances total chlorophyll content, 

root- shoot height- weight, increased N, P, K, Ca, Zn, Cu concentration, flavonoids content, 

soluble sugar, proline, glycine betaine, polyamine, POD, CAT activity in Pistaciavera L 

under stress condition (Abbaspour et al., 2012). Studies raveled that G. etunicatum, F. 

mosseae, and R. irregularis increased the growth, grain yield of Triticum aestivum L. and 

regulates nutrient uptake capacity and decreases Na+ and Cl- concentration at the time of 

salinity stress (Daei et al., 2009). According to Hashem et al., (2016) oxidative stress 

generates high concentration malonaldehyde and hydrogen peroxide on Solanum 

lycopersicum L. AMF strain (Glomus mosseae, Glomus intraradices, and Glomus 

etunicatum) helps to decrease the concentration of these elements and boost up plant defense 

system against Cd stress. AMF also provide protection against biotic stress. Various 

pathogens such as root-rot fungi, pathogenic bacteria, nematodes, and other harmful 

microorganisms can cause various plant diseases. However, the presence of AMF 

significantly reduces pathogen-induced damage and infection by enhancing nutrient 

availability, stimulating root growth, and improving root morphology. Additionally, AMF 

secrete beneficial enzymes in the rhizosphere, strengthening plant defenses and enabling 

plants to better withstand biotic stress (Vos et al., 2012; Spagnoletti et al., 2020). Fusarium 

wilt causes damage on Cicer arietinum L plant but treatment with AMF strain (Glomus hoi) 

provide protection against wilt disease and increase the nitrogen and phosphate content in 

treated plants as compared with non-treated plants (Singh et al., 2010). Similarly, Glomus sp. 

synthesis antimicrobial compounds which helps to arrest the mycelia growth of Fusarium 

oxysporum, on L. esculentum plants and increase chlorophyll, N, P, K content of the plants. 

Also in Capsicum annum, Glomus sp. reduces the activity of pathogen Pythium 

aphanidermatum and provide better yield of the plant (Kumari and Prabina, 2019; Kumari 

and Srimeena, 2019).  

Previous literature denotes that AMF increased shoot accumulation of Cr, Pb, and As in 

Jatropha multifida grown in Malaysian landfill soils (Hassan et al., 2025), Zea mays and 

Cicer arietinum indicated reduced PTE uptake and improved physiological traits when 

inoculated with various AMF species (Cheema and Garg, 2024; Singh et al., 2019). Similarly, 

maize (HemmatiTabar et al., 2023), Chickpea (Cheema and Garg, 2024), safflower (Salari et 

al., 2024), Sweet sorghum (Cheng et al., 2021) and Lallemantia iberica (Ansari et al., 2021) 

demonstrated enhanced tolerance to Ni As, and Pb, respectively, under AMF influence as 

depicted in Table 3.  
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 g
ro

w
th

. 

Z
h
o
u
 e

t 
al

.,
 

(2
0
2
3
) 

Ir
an

 

A
 

p
o
t 

ex
p
er

im
en

t 
w

as
 

co
n
d
u
ct

ed
 

w
it

h
 

m
ai

ze
 

p
la

n
t 

(Z
ea

 m
a
ys

 L
.)

 u
si

n
g
 a

 c
o

m
p
le

te
ly

 r
an

d
o
m

iz
ed

 d
es

ig
n

 

to
 

as
se

ss
 

th
e 

in
te

ra
ct

io
n
 

b
et

w
ee

n
 
A

M
F

 
in

o
cu

la
ti

o
n
 

an
d
 

v
ar

y
in

g
 

N
i 

co
n

ce
n
tr

at
io

n
s.

 
T

h
e 

tr
ea

tm
en

ts
 

in
cl

u
d
ed

 f
o
u
r 

le
v
el

s 
o
f 

N
i:

 0
 m

g
/k

g
, 

5
0
 m

g
/k

g
, 

1
0
0
 

m
g
/k

g
, 

an
d

 
2
5
0
 

m
g
/k

g
, 

al
o
n
g
 

w
it

h
 

th
e 

in
o
cu

la
ti

o
n
 

w
it

h
 C

la
ro

id
eo

g
lo

m
u
s 

et
u
n
ic

a
tu

m
 (

A
M

F
) 

an
d

 c
o

n
tr

o
l 

(d
ev

o
id

 
o
f 

A
M

F
).

 
T

h
e 

p
la

n
ts

 
w

er
e 

g
ro

w
n
 

in
 

a 

g
re

en
h
o
u
se

 f
o
r 

9
0
 d

a
y
s.

 

R
es

u
lt

 s
h
o
w

ed
 t

h
at

 I
n
o

cu
la

ti
o
n
 w

it
h
 A

M
F

 s
ig

n
if

ic
an

tl
y
 

in
fl

u
en

ce
d
 n

ic
k

el
 d

is
tr

ib
u
ti

o
n
 i

n
 p

la
n
ts

. 
A

t 
th

e 
N

i 
2
5
0
 

le
v
el

, 
in

o
cu

la
te

d
 

ro
o
ts

 
h
ad

 
2
9
%

 
m

o
re

 
N

i 
th

an
 

n
o
n

-

in
o
cu

la
te

d
 p

la
n
t,

 w
h
il

e 
N

i 
le

v
el

s 
in

 t
h
e 

sh
o
o
ts

 w
er

e 
3
0
%

 

an
d
 

3
3
%

 
lo

w
er

 
at

 
N

i1
0
0
 

an
d
 

N
i2

5
0
, 

re
sp

ec
ti

v
el

y.
 

A
d
d
it

io
n
al

ly
, 

so
il

 g
lo

m
al

in
 i

n
cr

ea
se

d
 w

it
h
 N

i 
u
p

 t
o
 1

0
0
 

m
g
/k

g
, 

an
d

 i
n
o
cu

la
te

d
 p

la
n
ts

 s
h
o
w

ed
 h

ig
h

er
 p

h
o
sp

h
o
ru

s 

co
n
te

n
t 

in
 

b
o
th

 
sh

o
o
ts

 
an

d
 

ro
o
ts

 
co

m
p
ar

ed
 

to
 

u
n
in

o
cu

la
te

d
 p

la
n
ts

. 

H
em

m
at

iT
ab

ar
 

et
 a

l.
, 
(2

0
2
3
) 

S
p
ai

n
 

In
 t

h
is

 i
n
v
es

ti
g
at

io
n
, 

T
E

-c
o
n
ta

m
in

at
ed

 s
o
il

 w
as

 a
d
d
ed

 

to
 

ea
ch

 
p
o
t,

 
an

d
 

th
en

 
in

o
cu

la
te

d
 

w
it

h
 

th
re

e 
A

M
F

 

sp
ec

ie
s:

 
R

h
iz

o
g
lo

m
u
 

sc
u
st

o
s 

(C
u
st

o
s)

; 
R

h
iz

o
g
lo

m
u
s 

In
 h

ea
v
il

y
 c

o
n
ta

m
in

at
ed

 s
o
il

, 
p
la

n
ts

 i
n
o
cu

la
te

d
 w

it
h
 t

h
e 

in
d
ig

en
o
u
s 

A
zn

a
lc

ó
ll

a
r 

fu
n
g
u
s 

sh
o

w
ed

 
h
ig

h
er

 
T

E
s 

ac
cu

m
u
la

ti
o
n
, 

p
ar

ti
cu

la
rl

y
 

in
 

th
e 

sh
o
o
ts

. 
In

 
co

n
tr

as
t,

 

S
il

v
a-

C
as

tr
o
 e

t 

al
.,
 (

2
0
2
2
) 



3
4
 

 

sp
. 

(A
zn

al
co

ll
ar

);
 

R
h
iz

o
p
h
a
g
u
s 

ir
re

g
u
la

ri
s 

(I
n
tr

ar
ad

ic
es

) 
an

d
 c

o
n
tr

o
l.

 W
h
ea

t 
(T

ri
ti

cu
m

 a
es

ti
vu

m
 

L
.)

 w
as

 p
la

n
te

d
 i

n
 e

ac
h
 p

o
t,

 a
n
d
 t

h
e 

ex
p
er

im
en

t 
w

as
 

co
n
d
u
ct

ed
 o

v
er

 a
 p

er
io

d
 o

f 
4
5
 d

a
y
s.

 

C
u
st

o
s 

an
d
 

In
tr

a
ra

d
ic

es
 

d
em

o
n
st

ra
te

d
 

g
re

at
er

 

b
io

ac
cu

m
u
la

ti
o
n
 

in
 

le
ss

-c
o
n
ta

m
in

at
ed

 
so

il
. 

A
ll

 
A

M
F

 

tr
ea

tm
en

ts
 

en
h

an
ce

d
 

so
il

 
en

z
y
m

e 
ac

ti
v
it

y
 

an
d

 
p
la

n
t 

an
ti

o
x

id
an

t 
re

sp
o
n
se

s.
 

O
v
er

al
l,

 
A

zn
a
lc

ó
ll

a
r 

su
p
p
o
rt

ed
 

p
h

y
to

re
m

ed
ia

ti
o
n
, 

w
h
il

e 
C

u
st

o
s 

an
d
 

In
tr

a
ra

d
ic

es
 

co
n
tr

ib
u
te

d
 

m
o
re

 
to

 
w

h
ea

t 
b
io

-p
ro

te
ct

io
n
 

in
 

T
E

-

co
n
ta

m
in

at
ed

 c
o
n
d
it

io
n
s.

 

Ir
an

 

T
h
e 

ex
p
er

im
en

t 
in

cl
u
d
ed

 t
re

at
m

en
ts

 w
it

h
 f

o
u

r 
le

v
el

s 

o
f 

P
b
 c

o
n
ta

m
in

at
io

n
 (

0
, 

3
0
0
, 

6
0
0
, 

an
d

 9
0
0
 m

g
 P

b
/k

g
 

so
il

),
 

th
re

e 
m

y
co

rr
h
iz

al
 

co
n
d
it

io
n
s 

(n
o
n

-i
n
o
cu

la
te

d
, 

in
o
cu

la
te

d
 

w
it

h
 

F
u
n
n
el

if
o
rm

is
 

m
o
ss

ea
e,

 
an

d
 

R
h
iz

o
p
h
a
g
u
s 

in
tr

a
ra

d
ic

es
),

 
an

d
 

th
re

e 
le

v
el

s 
o
f 

p
u
tr

es
ci

n
e 

(P
u
t)

 a
p
p
li

ca
ti

o
n
 (

n
o
 P

u
t,

 0
.5

 m
M

, 
an

d
 1

 

m
M

 f
o
li

ar
 s

p
ra

y
).

 L
a
ll

em
a
n
ti

a
 i

b
er

ic
a

 w
as

 u
se

d
 a

s 
th

e 

te
st

 
p
la

n
t 

in
 

P
b

-c
o
n
ta

m
in

at
ed

 
so

il
. 

T
h
e 

ex
p
er

im
en

t 

w
as

 c
o
n
d
u
ct

ed
 f

o
r 

5
2
 d

ay
s 

af
te

r 
so

w
in

g
. 

R
es

u
lt

 
sh

o
w

ed
 

th
at

 
A

M
F

 
in

o
cu

la
ti

o
n
 

en
h
an

ce
d
 

p
la

n
t 

g
ro

w
th

, 
st

re
ss

 
d

ef
en

se
, 

an
d
 

to
le

ra
n
ce

 
w

h
il

e 
re

d
u
ci

n
g
 

tr
an

sl
o
ca

ti
o
n
 f

ac
to

r,
 P

b
 a

cc
u
m

u
la

ti
o
n
, 

u
n
d
er

 P
b
 s

tr
es

s.
 

T
h
e 

co
m

b
in

at
io

n
 

o
f 

0
.5

 
m

M
 

p
u
tr

es
ci

n
e 

w
it

h
 

F
u
n
n
el

if
o
rm

is
 

m
o
ss

ea
e 

le
d
 

to
 

n
o
ta

b
le

 
im

p
ro

v
em

en
ts

, 

in
cl

u
d
in

g
 

a 
1
3

%
 

in
cr

ea
se

 
in

 
sh

o
o
t 

b
io

m
as

s,
 

1
4
.4

%
 

g
re

at
er

 
sh

o
o
t 

to
le

ra
n

ce
, 

an
d
 

re
d
u
ce

d
 

sh
o
o
t 

P
b
 

co
n
ce

n
tr

at
io

n
 b

y
 2

8
.1

%
. 

In
 c

o
n
tr

as
t,

 c
o
m

b
in

in
g
 1

 m
M

 

p
u
tr

es
ci

n
e 

w
it

h
 
R

h
iz

o
p
h
a
g
u
s 

in
tr

a
ra

d
ic

es
 
h
ad

 
ad

v
er

se
 

ef
fe

ct
s 

o
n
 

al
l 

m
ea

su
re

d
 

p
ar

am
et

er
s.

 
O

v
er

al
l,

 
th

e 

F
u
n
n
el

if
o
rm

is
 

m
o
ss

ea
e 

an
d
 

0
.5

 
m

M
 

p
u
tr

es
ci

n
e 

co
m

b
in

at
io

n
 

p
ro

v
ed

 
m

o
st

 
ef

fe
ct

iv
e 

in
 

lo
w

er
in

g
 

P
b
 

ac
cu

m
u
la

ti
o
n
 
in

 
L

.i
b
er

ic
a

, 
su

p
p
o
rt

in
g
 
it

s 
p
o
te

n
ti

al
 
fo

r 

p
h

y
to

st
ab

il
iz

at
io

n
. 

A
n
sa

ri
 e

t 
al

.,
 

(2
0
2
1
) 



3
5
 

 C
h
in

a 

T
h
e 

in
d
iv

id
u
al

 
an

d
 

co
m

b
in

ed
 

ef
fe

ct
s 

o
f 

ar
b
u

sc
u
la

r 

m
y
co

rr
h
iz

al
 

(A
M

) 
fu

n
g
i 

an
d
 

n
an

o
 

ze
ro

-v
al

en
t 

ir
o
n
 

(n
Z

V
I)

, 
a 

th
re

e-
fa

ct
o
r 

ex
p
er

im
en

ta
l 

d
es

ig
n
 

w
as

 

em
p
lo

y
ed

. 
T

h
e 

fa
ct

o
rs

 
in

cl
u
d
ed

 
fo

r 
p
o
t 

ex
p
er

im
en

t:
 

(1
) 

tw
o
 A

M
 
fu

n
g
al

 
tr

ea
tm

en
ts

 
(e

it
h
er

 
in

o
cu

la
te

d
 
o
r 

n
o
n
-i

n
o
cu

la
te

d
 w

it
h
 A

ca
u
lo

sp
o
ra

 m
el

le
a

 Z
Z

),
 (

2
) 

tw
o
 

ty
p
es

 
o
f 

n
Z

V
I 

(S
-n

Z
V

I 
an

d
 

B
-n

Z
V

I)
, 

an
d
 

(3
) 

si
x

 

le
v
el

s 
o
f 

n
Z

V
I 

co
n
ce

n
tr

at
io

n
s 

(0
, 

5
0
, 

1
0
0
, 

2
0
0
, 

5
0
0
, 

an
d
 1

0
0
0
 m

g
/k

g
).

 S
w

ee
t 

so
rg

h
u
m

 w
as

 u
se

d
 a

s 
th

e 
te

st
 

p
la

n
t 

fo
r 

th
e 

ex
p
er

im
en

t 
an

d
 
ex

p
er

im
en

ta
l 

d
u
ra

ti
o
n
 

w
as

 6
0
 d

a
y
s.

 

A
M

F
 

in
o
cu

la
ti

o
n
 

al
o
n
e 

p
ro

v
ed

 
ef

fe
ct

iv
e 

in
 

im
m

o
b
il

iz
in

g
 h

ea
v

y
 m

et
al

s 
in

 t
h
e 

so
il

 a
n
d
 r

ed
u
ci

n
g
 t

h
ei

r 

u
p
ta

k
e 

b
y
 p

la
n
ts

. 
D

es
p
it

e 
th

e 
p
o
te

n
ti

al
 f

u
n

g
it

o
x

ic
 e

ff
ec

ts
 

o
f 

n
Z

V
I,

 A
M

F
 w

er
e 

st
il

l 
ab

le
 t

o
 s

u
cc

es
sf

u
ll

y
 c

o
lo

n
iz

e 

p
la

n
t 

ro
o
ts

. 
O

v
er

al
l,

 t
h
e 

co
m

b
in

at
io

n
 o

f 
A

M
 i

n
o
cu

la
ti

o
n
 

w
it

h
 
lo

w
 
n
Z

V
I 

co
n
ce

n
tr

at
io

n
s 

(1
0
0
 
m

g
/k

g
) 

sh
o

w
ed

 
a 

sy
n
er

g
is

ti
c 

ef
fe

ct
, 

fu
rt

h
er

 e
n
h
an

ci
n

g
 T

E
s 

im
m

o
b
il

iz
at

io
n
 

in
 t

h
e 

so
il

. 

C
h
en

g
 e

t 
al

.,
 

(2
0
2
1
) 

C
h
in

a 

T
h
e 

ex
p
er

im
en

t 
w

as
 d

es
ig

n
ed

 a
s 

a 
tw

o
-f

ac
to

ri
al

 s
et

u
p
, 

in
v
o
lv

in
g
 t

w
o
 P

b
 l

ev
el

s 
(0

 a
n
d
 8

0
0
 m

g
/k

g
) 

an
d

 t
w

o
 

A
M

F
 

tr
ea

tm
en

ts
 

(w
it

h
 

an
d
 

w
it

h
o
u
t 

in
o
cu

la
ti

o
n
).

 

M
ed

ic
a
g
o
 t

ru
n
ca

tu
la

 w
as

 u
se

d
 a

s 
th

e 
te

st
 p

la
n
t,

 a
n
d
 

th
e 

A
M

F
 

in
o
cu

lu
m

 
co

n
si

st
ed

 
o
f 

R
h
iz

o
p
h

a
g
u
s 

ir
re

g
u
la

ri
s 

(B
G

C
 

B
J0

9
).

 
T

h
e 

ex
p
er

im
en

t 
w

as
 

co
n
d
u
ct

ed
 f

o
r 

1
2
 w

ee
k
s 

T
h
e 

re
su

lt
s 

in
d
ic

at
e 

th
at

 A
M

 
in

o
cu

la
ti

o
n
 
ca

n
 
en

h
an

ce
 

p
la

n
t 

g
ro

w
th

 
an

d
 

p
ro

m
o
te

 
le

ad
 

(P
b
) 

im
m

o
b
il

iz
at

io
n
 

w
it

h
in

 t
h
e 

ce
ll

 w
al

l 
b

y
 b

o
o
st

in
g
 p

o
ly

sa
cc

h
ar

id
e 

le
v
el

s 
in

 

p
ec

ti
n
 a

n
d
 h

em
ic

el
lu

lo
se

, 
as

 w
el

l 
as

 b
y
 s

ti
m

u
la

ti
n
g
 c

el
l 

w
al

l 
p
er

o
x

id
as

e 
ac

ti
v

it
y.

 

Z
h
an

g
 e

t 
al

.,
 

(2
0
2
1
) 

P
h
il

ip
p
in

es
 

In
o

rg
an

ic
 
m

er
cu

ry
 

ch
lo

ri
d
e 

(H
g
C

l₂
) 

w
as

 
ap

p
li

ed
 
to

 

so
il

 a
t 

co
n
ce

n
tr

at
io

n
s 

o
f 

0
, 

2
, 

4
, 

an
d
 6

 p
p
m

 p
er

 2
 k

g
 o

f 

so
il

, 
w

h
ic

h
 w

as
 p

la
ce

d
 i

n
 p

la
st

ic
 p

o
ts

. 
E

ac
h
 t

re
at

m
en

t 

T
h
e 

st
u
d

y
 e

m
p
h
as

iz
es

 t
h

e 
im

p
ac

t 
o
f 

A
M

F
 i

n
o
cu

la
ti

o
n
 o

n
 

b
o
th

 t
h
e 

u
p
ta

k
e 

o
f 

in
o
rg

an
ic

 m
er

cu
ry

 a
n
d
 t

h
e 

g
ro

w
th

 o
f 

C
h
ry

so
p
o
g
o
n
 z

iz
a
n
o
id

es
 (

v
et

iv
er

).
 T

h
e 

fi
n
d
in

g
s 

sh
o
w

ed
 

B
re

ta
ñ
a 

et
 a

l.
, 

(2
0
1
9
) 



3
6
 

 

w
as

 i
n
o
cu

la
te

d
 w

it
h
 t

w
o
 c

o
m

m
er

ci
al

ly
 a

v
ai

la
b
le

 A
M

F
 

in
o
cu

la
n
ts

, 
M

yk
o
va

m
™

 a
n
d
 G

lo
m

u
s 

sp
..
 P

o
ts

 w
it

h
o
u
t 

A
M

F
 s

er
v
ed

 a
s 

th
e 

co
n
tr

o
l.

 V
et

iv
er

 w
as

 u
se

d
 a

s 
th

e 

te
st

 p
la

n
t,

 a
n
d
 t

h
e 

ex
p
er

im
en

t 
w

as
 c

ar
ri

ed
 o

u
t 

fo
r 

4
 

w
ee

k
s.

 

th
at

 A
M

F
 i

n
o
cu

la
ti

o
n
 s

ig
n
if

ic
an

tl
y
 i

m
p
ro

v
ed

 t
h
e 

p
la

n
t’

s 

g
ro

w
th

. 
M

o
re

o
v
er

, 
it

 e
n
h
an

ce
d
 m

er
cu

ry
 a

b
so

rp
ti

o
n
 b

y
 

th
e 

p
la

n
t,

 e
v
en

 a
t 

h
ig

h
er

 m
er

cu
ry

 c
o
n
ce

n
tr

at
io

n
s.

  

In
d
ia

 

A
 p

o
t 

ex
p
er

im
en

t 
w

as
 c

ar
ri

ed
 o

u
t 

u
si

n
g
 t

an
n
er

y
 s

lu
d
g
e 

ri
ch

 
in

 
to

x
ic

 
el

em
en

ts
 
(T

E
s)

, 
w

h
ic

h
 
w

as
 
in

o
cu

la
te

d
 

w
it

h
 

m
y
co

rr
h
iz

al
 

cu
lt

u
re

s 
(R

. 
fa

sc
ic

u
la

tu
s,

 
R

. 

in
tr

a
ra

d
ic

es
, 

F
. 

m
o
ss

ea
e 

a
n
d
 

G
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Vetiver grass has been studied in the PTEs remediation of overburden sites (including 

mercury-laden soils, coal mine overburden, arsenic-enriched soils, and iron ore dumps etc.); 

industrial activities (such as tannery sludge, fly ash etc.) (Caporale et al., 2014; Mayer et al., 

2017; Singh et al., 2019; Banerjee et al., 2019; Bretaña et al., 2019).   

2.3.2.1 Evaluation of AMF as a tool to remediate metals through meta-analysis 

Research works published between 2005 and 2022 were searched in Web of Science database 

and selected based on their reporting quality. The keywords were ‘Arbuscular mycorrhizal 

fungi’, ‘Mine’, ‘Soil’, ‘World’, ‘Cadmium’, ‘Nickel’, ‘Lead’, “Copper” and “Chromium”. 

After the assessment of >250 peer-reviewed articles, the articles were excluded based on the 

following reasons: a) Lacking in analytical techniques (not mentioning the QA/QC), b) 

remediation through other microbes c) Graphical representation of data. To conclude, a total 

of 24 studies comprising of 9, 12, 7 and 5 studies for Cd, Pb, Cu and Ni respectively were 

included in for meta-analysis, which assessed the efficacy of AMF in remediating metal-

contaminated mine soils (Table 4).  
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Studies reporting remediation of Cr with AMF was not found during the systemic review. The 

PRISMA flowchart is displayed in Fig. 4. 

 

Fig. 4: The PRISMA flowchart showed the selection of articles eligible for meta-analysis 

 

From RE models at (Fig. 5(a, b, c, d)), the overall mean value for Pb, Cd, Ni, and Cu were 

1.34 (CIs: 1.19-1.49), 1.08 (CIs: 0.86-1.31), 0.79 (CIs: 0.53-1.05), and 1.46 (CIs: 1.02-1.90) 

respectively. The data showed statistical significance at p < 0.05. The inconsistency index 

(I^2) of Pb, Cd, Ni, and Cu was 92.94%, 96.39%, 99.30%, and 98.89% respectively, 

indicating substantial heterogeneity.  
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Fig. 5: Forest plot indicates the mean difference of individual observation regarding the PTEs 

accumulation level in plants in the presence of mycorrhizal infection in different countries. 

[(a) – Pb; (b)- Cd; (c)- Ni and (d) - Cu]  

 

The positive effect size for all the metals indicated that the AMF has the ability to reduce the 

metal accumulation capacity in plants. The studies from USA (Punamiya et al., 2010), China 

(Zhan et al., 2019), Mexico (González-Villalobos et al., 2021), etc. indicate that the Pb 

accumulation in plants has increased by AMF (Diversispora spurcum, Glomus mosseae, 

Rhizophagus irregularis) except (Wu et al., 2010; Solís-Domínguez et al., 2011; Bahraminia 

et al., 2016), the CIs value overlapped the line of zero showing non-significance (Fig. 5a). 

The case studies from Spain (Arriagada et al., 2007), Brazil (de Andrade et al., 2008), China 

(Zhong et al., 2012), and Canada (Hassan et al., 2013) showed that the accumulation of Cd in 

plant systems has increased in presence of AMF infection of Glomus deserticola, Glomus 

intraradices and R. irregularis. Other studies from China (Wu et al., 2010; Hu et al., 2013; 

Liu et al., 2014; He et al., 2020), the Cd accumulation in plant was decreased (Glomus 

constrictum, Glomus caledonium, and Glomus intraradices) (Fig. 5b). For Ni and Cu, the 

accumulation in decreases in the presence of AMF (Glomus tenue, Glomus margarita) 

(Orłowska et al., 2011; Lam and Lai, 2018; Manyiwa and Ultra Jr, 2022) and simultaneously 

increase the accumulation by the help of Glomus mosseae, Glomus etunicatum (Chen et al. 

2005; Lins et al., 2006) (Fig. 5c and 5d). Plant roots are symbiotically associated with AMF, 

which increases plant nutrient uptake ability, increases biomass accumulation, increases 
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photosynthesis capacity, and modulates metal toxicity. Through the formation of extracellular 

and intracellular hyphae, AMF increases soil surface area for better absorption of soil 

nutrients (N, and P), PTEs (Cr, Ni, Cd, Pb, and Cu), improve root growth, root morphology, 

secrets various proteins like glomalin (Amir et al., 2013; Lam and Lai, 2018; Zhan et al., 

2019; Manyiwa and Ultra Jr, 2022). In this paradigm, the presence or absence of AMF in 

plant systems could impact the accumulation capacity of PTEs, thus increasing or decreasing 

ecosystem risk. 

2.3.3 Vermi-remediation technology: an innovative approach 

The use of biological agents for managing different types of waste offers an effective strategy 

to reduce toxicity and mitigate environmental risks associated with improper disposal. 

Among these, vermi-remediation technology is a sophisticated technique that enhances the 

breakdown of persistent organic materials. Relying on the mutual interaction between 

earthworms and microorganisms, it proves to be more efficient than conventional composting 

approaches (Piearce et al., 1990; Bhattacharya and Kim, 2016). This process produces stable, 

nutrient-rich material that is both aesthetically pleasing and biologically advantageous as 

earthworms and microorganisms gradually break down solid waste. However, in the 

vermicomposting process, humification fixes a large amount of organic C. For the formation 

of metal-humus complexes, these stable, refractory humic components are essential. A rather 

congruent organic product with a substantial amount of organic matter and organic carbon is 

the result of the vermicomposting process. Furthermore, it lowers PTEs pollution and has 

easily accessible micronutrients, NPK, and a range of enzyme activities (Sharma et al., 2005). 

The nature and quantity of source material or underlying materials used in vermibeds affect 

the final quality of vermicompost. The metabolic process and the degree to which waste can 

be converted into an organic amendment are significantly impacted by factors such as 

substrate and its quality (Ramnarain et al., 2019). Vermicomposting, which mineralizes a 

variety of solid organic wastes, yields compost of higher quality than other composting 

technologies (Suthar et al., 2012). 

2.3.3.1 Earthworm activity and mechanism in PTEs removal 

Earthworms (Class Clitellata) have a significant impact on the biology, chemical balance, and 

physical structure of soil (Domínguez et al., 2018). They prefer moderate temperatures (20–

25 °C) and moisture (60–75%). They have a life cycle of approximately 220 days and lays 

300–400 eggs. 
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Earthworms are divided into the following groups according to their habitat: 

 Epigeic: Surface-dwellers, feed on organic waste.  

 Endogeic: Digs in soil rich in organic matter  

 Anecic: Dwells in deep, dug vertical burrows.  

Particularly, epigeic worms are favoured for the bioconversion of solid waste. They can also 

be divided into two groups based on how they feed: geophages (soil feeders, such as endo- 

and anecics) and detritivores (surface waste feeders, such as epigeics). Species such as 

Eisenia fetida, Eisenia andrei, and Dendrobaena veneta are the most often utilized species in 

vermicomposting; they are chosen for their quick reproductive cycles and capacity to tolerate 

a wide range of moisture and temperature conditions. Eisenia andrei is consistently red, but 

Eisenia fetida, also referred to as the "tiger worm," has light stripes. As potent decomposers, 

earthworms assimilate or expel the vast majority of the material that they ingest into 

extremely nutrient-dense castings.  Their strong gizzards grind up substrate, which promotes 

microbial breakdown and nutrient transformation. Their gizzards expand the surface area 

available for microbial action by mechanically grinding convoluted substrates into tiny 

fragments (Bhattacharya and Kim, 2016). At the same time, their gut diversity transforms 

insoluble nutrients into soluble forms that are accessible to the body (Goswami et al., 2014). 

The detoxification of waste harbouring PTEs is an important upside of vermicomposting. 

Earthworms' gastrointestinal tissue possesses cysteine-rich proteins known as 

metallothionein’s, which facilitate them to bioaccumulate metals. It's interesting to mention 

that Eisenia fetida that is exposed to PTEs exhibits a stimulation of metallothionein isoforms, 

which promotes PTEs sequestration while preserving redox balance and metal-ion 

homeostasis. 

The efficiency of waste stabilization and mineralization is greatly influenced by the kind of 

earthworms used. Surface feeders, or epigeic species, are especially good in vermi-stabilizing 

solid waste (Bhattacharya and Kim, 2016). An epigeic worm called Eisenia fetida efficiently 

breaks down industrial waste, including coal ash from thermal plants, paper mills, and tea 

factories. For example, vermicomposting fly ash enhanced with cattle manure reduces soluble 

PTEs including Cd, Cr, and Pb while increasing readily mineralizable N, accessible P, and K. 

Research indicates that when vermicomposting fly ash combined with calf dung, E. fetida 

and E. eugeniae can significantly lower concentrations of Zn and Pb, Cd by around 51%, Cu 

by more than 50%, and Cr by up to 59%. Additionally, consecutive extraction investigations 
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show that earthworms reduce mobility and toxicity (e.g., in sewage sludge) by converting 

metals into more stable, recalcitrant organic- or mineral-bound fractions. 

In brief, vermicomposting has several adventurous aspects.  

1. Robust process: During vermicompost, earthworms mechanically grind substrates and 

harbour microbial communities that solubilize nutrients, resulting in a robust process.  

2. PTEs detoxification: PTEs are stabilized into less accessible components and 

accumulation, aided by gut metallothioneins.  

3. Performance of the species: Epigeic worms, specifically E. fetida and E. andrei, are 

exceptional in swiftly breaking down waste, reproducing, and withstanding the effects of 

PTEs.  

2.4 Evaluating the effectiveness of vermicomposted product on agricultural productivity 

and soil vitality through crop experiment 

Vermicompost has been shown to improve soil health and agricultural productivity in a 

number of recent studies. Vermicomposting industrial wastes, such as steel waste slag, oil 

sludge, red mud, and tannery waste, and incorporating them into agricultural soils either by 

alone or in conjunction with organic and inorganic amendments has been the subject of recent 

research (Sarkar et al., 2023, Chakraborty et al., 2022, Jha et al., 2024, Charan et al., 2024). 

Vermicomposted steel waste slag has been demonstrated to enhance a number of soil 

physicochemical characteristics and increase plant vigor when added to soil. These results, 

which came from well-monitored vermicomposting trials, offered compelling justification for 

assessing the agronomic potential of these composts for improving soil fertility and 

stimulating crop development (Jha et al., 2023). Green gram, or Vigna radiata L., was used as 

a test crop in a pot experiment to confirm the efficacy of vermicomposted red mud. 

Vermicompost application significantly improved plant growth parameters, suggesting that it 

has potential as a soil amendment (Charan et al., 2024). When applied at realistic agronomic 

rates during short-term cropping of rice, experimental vermicompost made from oil sludge 

showed no adverse effects on crop output metrics or important soil quality indicators like pH, 

organic carbon content, or cation exchange capacity. This shows that such vermicompost can 

be used in the field without affecting the productivity or health of the soil. (Sarkar et al., 

2023). Eisenia fetida was used in parallel vermicomposting of tannery waste in order to 

assess the plant's effectiveness in cleaning up hazardous substrates. The study also sought to 
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comprehend how the process affected the enzyme profiles, microbial activity, and the 

organization of the microbial community during metal detoxification. The findings showed 

that a 1:1 co-vermicomposting ratio between tannery waste and cow dung considerably 

decreased the microbial population's exposure to metal-induced stress. Important enzymes, 

including urease, phosphatase, and dehydrogenase, were among the many microbial species 

and enzymatic activities that were significantly increased by this therapy (Chakraborty et al., 

2022). In a nutshell, vermicomposting with industrial waste has demonstrated significant 

promise in enhancing soil qualities and promoting crop growth, especially when paired with 

organic substrates like cow dung. In furtherance of helping with PTEs detoxification, 

earthworms and microbial communities act in concert to improve nutrient availability, which 

promotes sustainable waste management and increased agricultural yield. Several industrial 

wastes, including paper mill and textile sludge, have been effectively transformed into 

vermicompost, showing positive impacts on soil fertility (Ravindran et al., 2008; Das et al., 

2016). However, no studies have yet explored the vermicomposting of chromium-asbestos 

mine waste (CAMW) and PTE-enriched vetiver (PTE-EV), nor their potential application in 

agriculture. 

2.5 Research gaps identification, defining the problem, and possible solutions  

India, often referred to as the “land of mines and minerals,” and particularly the state of 

Jharkhand, is home to a variety of mines such as those for coal, mica, copper, iron, uranium, 

and chromium-asbestos. Large-scale mining operations generate toxic mine waste, which 

frequently leach PTEs into nearby soils and contaminate ecosystems on a global scale 

(Kumar and Maity, 2014). Chromium-asbestos mine waste (CAMW), an extremely lethal 

byproduct, has given rise to significant environmental hazards globally. Uncontrolled mining 

activities and inappropriate disposal of mine waste containing PTEs have resulted in the 

pollution of nearby agricultural fields, ultimately lowering crop yield and quality. The 

presence of hazardous PTEs such as Cr, Ni, Pb, and Cu in soil contaminated by CAMW 

poses a major challenge due to their non-biodegradable nature and persistence in the 

environment. These PTEs can be absorbed by crops through soil-plant interactions, 

potentially entering the food chain and posing serious health risks to humans (Seleiman et al., 

2020). Additionally, the high concentration of PTEs in CAMW-affected agricultural soils 

significantly threatens the sustainability of farming practices. These hazardous PTEs 

influence the structure and function of microbial communities (Tripathy et al., 2014). 

Therefore, a comprehensive and systematic investigation into the levels, spatial distribution, 
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potential health and dietary risks, effects on soil microbial activity, and feasible remediation 

approaches for PTEs is essential at the chromium-asbestos mine site in Jharkhand, India. In 

light of this, the present study seeks to address these critical gaps and provide insight into this 

underexplored area. 

To the best of our knowledge, there is a lack of substantial research focusing on health risk 

assessment related to PTEs in the chromium-asbestos mine region of India. Existing studies 

have not comprehensively examined the bioavailability of PTEs in contaminated soils, their 

accumulation in staple crops like rice, and the subsequent implications for the food chain. 

Furthermore, limited information exists on the bio-accessibility and leachability of PTEs 

across different rice components (husk, without husk, cooked rice, and starch). The dynamic 

behaviour of soil PTEs leachability and its future health risk implications, particularly in 

relation to rice consumption, remains largely unexplored, though such insight is vital for soil 

and crop quality management. Additionally, the synergistic impact of bioavailable PTEs and 

soil alkalinity on microbial dynamics in soils impacted by chromium-asbestos mine waste has 

not been systematically studied. This study aims to fill these critical gaps by integrating 

assessments of PTE bioavailability, food chain transfer, source identification, leaching 

potential, and combined ecological impacts to support targeted risk mitigation and sustainable 

land use in the region. 

Remediation of soils polluted with hazardous waste, such as those impacted by chromium-

asbestos mine residues, requires innovative, eco-friendly, and economically viable strategies. 

However, most existing remediation techniques are neither sustainable nor cost-effective and 

can substantially generate secondary pollution and negative alterations to soil 

physicochemical properties (Mukherjee et al., 2024). Although phytoremediation using 

resilient plant species has gained attention, its full potential remains underexplored, 

particularly in combination with microbial consortia. Vetiver grass (Chrysopogon 

zizanioides) has been widely recognized for its effectiveness in the remediation of PTEs-

contaminated environments, including coal mine overburden, iron ore dumps, tannery sludge, 

and fly ash (Mayer et al., 2017; Singh et al., 2019; Banerjee et al., 2019). However, its 

capacity for Cr remediation under hydroponic conditions remains inadequately studied. More 

critically, there is a lack of comprehensive research on vetiver’s mycophytoremediation 

potential, particularly its synergistic interactions with arbuscular mycorrhizal fungi (AMF), in 

soils contaminated with chromium-asbestos mine waste. Moreover, comparative 

effectiveness of different AMF species (Glomus hoi, Claroideoglomus etunicatum, 
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Claroideoglomus claroideum, and Funneliformis coronatum) in enhancing vetiver’s 

remediation potential has not been systematically assessed. This study addresses these critical 

gaps by simulating field conditions and evaluating the role of AMF-assisted vetiver in 

remediating and restoring chromium-asbestos mine-affected soils, thus offering a novel bio-

based solution for managing such complex environmental challenges. 

Post-mycophytoremediation, PTEs are sequestered within plant tissues mainly shoot section, 

necessitating safe and sustainable recycling strategies to prevent secondary environmental 

contamination. Similarly, improper disposal of CAMW, rich in PTEs, severely threatens soil 

health and crop productivity. Although vermicomposting has emerged as a sustainable 

biotechnological tool for converting organic and inorganic wastes into nutrient-rich 

amendments, two critical gaps remain unaddressed. First, the transformation of PTE-enriched 

vetiver (PTE-EV) into stabilized organic manure via vermicomposting remains 

underexplored, particularly with respect to its effects on soil biochemical parameters and crop 

performance. Second, while earthworms are known to facilitate the detoxification of 

industrial waste, the conversion of CAMW into safe and effective vermicompost and its 

isolated application in agriculture have received limited scientific attention. Moreover, no 

comprehensive studies have assessed the individual agronomic implications of these two 

vermicompost types, PTE-EV-derived manure and CAMW-derived compost, on soil nutrient 

status, microbial activity, PTEs bioavailability, crop yield, and plant biochemical traits. This 

dual-gap highlights the urgent need for systematic research to validate the efficacy, safety, 

and environmental sustainability of these recycled products in agricultural systems. 

Henceforth, the subsequent objectives were taken into consideration for this current research. 

2.6 Objectives of research 

1. To assess the physico-chemical characteristics, microbial dynamics, and levels of 

potentially toxic elements (PTEs) in soil and crops cultivated on fields contaminated 

with chromium-asbestos mine waste (CAMW), India. 

2. To determine Cr-tolerance of vetiver grass (Chrysopogon zizanioides) via hydroponic 

system through the analysis of physiological and biochemical parameters. 

3. To evaluate the efficacy of phytoremediation potential of vetiver grown on soil 

contaminated with toxic mine wastes (CAMW) in presence of four different 

mycorrhizal cultures. 
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4. To transform these PTE-enriched vetiver (PTE-EV) and chromium-asbestos mine 

waste (CAMW) into beneficial organic products through a foremost effective 

technology (vermi-remediation) using earthworm species. 

5. To assess the efficiency of reclaimed vermi-remediating products through pot and 

field trials with different agriculture crops.   
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Chapter 3: Methodology and Instrumentation  

 

3. Orientation of the investigation 

This thesis sheds light on a comprehensive insight into the contamination levels of PTEs, 

their spatial distribution, source allocation, accumulation in agricultural crops (particularly 

rice), the associated health and dietary risks, their effects on microbial dynamics, and the 

development of sustainable bioremediation strategies. The final focus lies on the agricultural 

utilization of composts derived from vermi-remediation of PTE-enriched vetiver and 

chromium-asbestos mine waste (CAMW). To systematically achieve the research objectives, 

the entire study has been organized into five sequential phases. The graphical abstract 

represents entire research plan (Fig. 6). 

 

Fig. 6: Graphical representation depicts the overview of the complete research work 
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Phase I: Environmental assessment and impact analysis 

This phase addressed the first set of objectives, focusing on the quantification and distribution 

of PTEs in the chromium-asbestos mining region of Jharkhand, India. Source apportionment, 

distribution pattern, probabilistic human health risk assessments, dietary intake risks from 

rice consumption, and the effects of PTEs on different rice plant components were examined. 

Additionally, the synergistic impact of PTEs and soil alkalinity on microbial diversity and 

soil health was explored using advanced statistical and multi-model approaches. 

Phase II: Vetiver phyto-tolerance and accumulation study 

In this phase, the second objective was pursued by investigating the tolerance, uptake 

capacity, and physiological responses of vetiver (Chrysopogon zizanioides) under different Cr 

concentrations in a hydroponic system. Biochemical indicators and plant growth metrics were 

measured to evaluate vetiver’s potential for phytoremediation in Cr-contaminated 

environments. 

Phase III: Mycophytoremediation of CAMW-contaminated soil 

This phase focused on the third objective, which explored the use of arbuscular mycorrhizal 

fungi (AMF)-assisted phytoremediation for detoxifying CAMW-contaminated soil. The 

remediation efficacy of vetiver in symbiosis with different AMF strains (Glomus hoi, 

Funneliformis coronatum, Claroideoglomus claroideum, and Claroideoglomus etunicatum) 

was assessed in terms of PTEs uptake, soil improvement, and microbial interactions.  

Phase IV: Vermi-remediation of contaminated PTE-enriched plant and CAMW (mine 

waste) 

The fourth phase dealt with the conversion of hazardous PTE-laden vetiver shoot (PTE-EV) 

and CAMW into nutrient-rich, low-toxicity compost using the epigeic earthworm Eisenia 

fetida. This phase evaluated the potential of vermicomposting as a sustainable and eco-

friendly technique to sanitize and valorize contaminated waste. 

Phase V: Agricultural application of vermicompost 

In the final phase, vermicompost derived from PTE-EV (mixed with cow dung) and CAMW 

(mixed with cow dung) were tested in four crop systems: sesame, tomato, chili (pot trials), 

and rice (field trial). The agronomic performance and soil quality parameters were compared 

with conventional fertilizer treatments to evaluate the effectiveness of the composts. PTEs 
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concentrations in harvested crops were also measured to ensure their safety for consumption 

and confirm the viability of this approach for sustainable agriculture. 

3.1 Selection of study area and geomorphological characteristics 

The study area was strategically selected based on the severity of pollution caused by 

chromium-asbestos mining activities. Located in Roro hills, Jharkhand, India, hosts one of 

the most environmentally degraded chromium-asbestos mining regions in the country. The 

area is situated approximately 22 km from Chaibasa town, falling under the Chaibasa Forest 

Division, and lies within the latitude N22◦29.30′ and longitude E85◦38.84′ (Banerjee et al., 

2023). This region has experienced extensive environmental degradation due to long-term 

unregulated mining operations, making it an ideal site for assessing pollution levels and 

exploring remediation strategies. 

The Roro chromium-asbestos mine, operated as an opencast mining site for many years 

before closing in 1983, leaving behind around 0.7 million tons of hazardous mine waste 

(CAMW) in this area. This waste is fine, loose, and homogeneous, lacking essential nutrients. 

The poor nutritional content and high levels of PTEs (Ni, Cd, Cr, Cu, and Pb) result in limited 

coverage of vegetation. Mostly tropical climatic condition with high temperature has been 

observed during the summer and cold in the winter. The yearly rainfall during the monsoon is 

roughly 1422 mm, and over 80% of it falls during this time throughout the area. Natural 

calamities, including wind, rainfall, and water erosion, have transported substantial quantities 

of hazardous mining waste into agricultural fields, resulting in a huge concentration of PTEs 

in these areas. These toxic wastes have a severe environmental impact, leading to soil and 

water contamination, biodiversity loss, and soil degradation. The local population comes into 

contact with this waste during daily activities, leading to skin rashes, lung cancer, and other 

major health complications (Banerjee et al., 2025). Mining activities were eventually 

abandoned without adequate post-closure remediation or containment of waste, resulting in 

heaps of overburden and tailings rich in PTEs, primarily Cr, and Ni. These tailings and waste 

dumps, spread over several hectares, are loosely consolidated and highly prone to wind and 

water erosion, posing serious health and environmental risks. The area’s dry deciduous forest 

ecosystem has been severely disrupted, and local communities face risks from airborne 

asbestos fibers, PTEs leaching into agricultural lands, and contaminated soil (Banerjee et al., 

2025). Despite being a major environmental hotspot, the site has seen limited scientific 

interventions toward reclamation or sustainable reuse of the degraded land and waste 
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materials. Given these characteristics, Roro Hills (chromium-asbestos mine) serve as a 

critical model location for the study and application of innovative bioremediation, 

mycophytoremediation, and vermicomposting strategies for PTEs detoxification and 

ecological restoration. 

3.2 Sampling points distribution, collection of samples, and preservation process  

A simple random sampling method (W-pattern) was applied to obtain samples (0-15cm) from 

three separate locations [site 1: mine waste dumping area (6 samples), site 2: mine waste 

contaminated soil (15 samples), and zone 3: uncontaminated soil (15 samples)] in January 

2020, as depicted in Fig. 7.  

 

 

Fig. 7: The map illustrates the study region of chromium-asbestos mines 

 

 

The samples were brought to the laboratory in sealed and properly labelled zip-lock bags. The 

soil samples were dried in the air, processed (with a mesh size of 2 mm and 0.2 mm), and 
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then stored in plastic containers within the laboratory. These plastic containers containing soil 

samples were stored at 4℃ for microbiological analysis. The microbiological studies were 

conducted using samples in their natural field moist state, whereas air-dried soil samples were 

used for physicochemical, and PTEs analysis. The total rice plant was uprooted from the 

agricultural soil. For the collection of rice samples, site 2 (15 samples) and 3 (15 samples) 

were considered, as site 1 was a mine tailings dumpsite where no agricultural activity occurs. 

The rice plant samples underwent an initial washing process using tap water, followed by a 

further washing using double distilled water. Then the Rice roots, shoots, and grains were 

carefully separated, appropriately labeled, and placed in a hot air oven at a temperature of 

55°C for 24 hours prior to assessment. The soil sampling procedure was followed using a 

standardized method derived from Page et al. (1982). 

3.3 Quality control, quality assurance, and calibration procedure 

Analytical graded reagents were used for experimental purposes. Glassware was properly 

washed with a 10% HNO3 solution initially for 24hrs, then rinsed with double distilled water 

(three times) before use in the experiment. This study follows a regressive quality control 

model, which is explained by the fact that all instruments used in the study were calibrated 

regularly. A blank was run after every ten samples analyzed to ensure that the instruments 

were accurate. All the analyses for samples were conducted in triplicate with blank samples 

simultaneously for quality control. We analyzed the mean values of each PTEs (Cr, Ni, Cd, 

Cu, and Pb) in triplicate, with a relative standard deviation (RSD) of <10%. Each PTEs 

concentration were assessed using an atomic absorption spectrophotometer (AAS-816, 

Systronics, India). Standard stock solutions of respective metal ions (1000 mg/L, Sigma- 

Aldrich grade) in 1% (v/v) HNO3 were used for calibration standards ranging from 0.1 to 10 

mg/L except for Cd (range 0.1 to 1 mg/L). The standard curve was developed based on the 

range of each PTEs and then analysis was carried out. To enhance clarity, the standard curves 

of each PTEs have been included (Fig. 8) for reference.  
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Fig. 8: Standard curve preparation of each PTEs (Cr, Ni, Cd, Pb, and Cu)  

 

The PTEs analysis consisted of three procedures: an initial calibration verification (ICV) 

using a 1 mg/L standard (tested for > 95% recovery), a continuous calibration verification 

(CCV) after every 10 samples, and the addition of reagent blanks after the ICV and every 

CCV. Certified reference material SRM 2710 in 1% (v/v) HNO3 was used to determine the 

accuracy and reproducibility of the tested samples. Reliable data accuracy was obtained from 

the recovery percentage of PTEs in the tested samples. Eventually, the certified material was 

digested in an ultrapure mixture of acids, and the acquired results were differentiated with 

SRM2710 values to establish the precision of the procedure for PTEs (Table 5). 

Table 5: Recovery percentage of certified material (SRM2710) 

PTEs 
SRM 2710  

(mg kg-1) 

AAS measured 

(mg kg-1) 
Recovery (%) 

Pb 5104 5072 99.37 

Ni 10 9.89 98.90 

Cd 19 18.79 98.89 

Cr 17 16.85 99.12 

Cu 2700 2712 99.56 
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 As it is a standard reference solution with a certified PTEs content that was diluted three 

times and compared with the concentration measured. Findings indicate a <10% deviation 

from the standard solution. Regarding detection limits, the AAS method employed in this 

study had sufficiently low limits of detection (LOD) and limits of quantification (LOQ) to 

accurately measure even trace levels of TEs. The LOD and LOQ values have been included 

(Table 6). Therefore, the method used was highly sensitive and precise, enabling reliable 

detection of TEs at low concentrations, which is crucial for assessing their environmental 

significance in this study.  

Table 6: The detection limit of an atomic absorption spectrophotometer 

(AAS-816) 

Potentially Toxic 

Elements (PTEs) 
LoD (mg/kg) LoQ (mg/kg) 

Cr 0.015 0.65 

Cd 0.05 0.25 

Cu 0.08 0.2 

Ni 0.07 0.25 

Pb 0.02 0.03 

 

3.4 General soil properties 

3.4.1 Physico-chemical parameters 

Agricultural soil parameters such as pH, EC, total organic carbon (TOC) available nitrogen 

(N), and phosphorous (P), exchangeable potassium (K), sodium (Na), calcium (Ca), 

magnesium (Mg), and cation exchange capacity (CEC) were examined (Page et al., 1982). 

The pH (soil: water ratio 1:2.5) was determined using a digital pH meter. The EC was 

measured using a digital conductivity meter, with a soil-to-water ratio of 1:5. The organic 

carbon content was quantified using (1N) potassium dichromate and concentrated sulphuric 

acid. Subsequently, excess dichromate was titrated utilizing (0.5N) ferrous ammonium 

sulphate. The available N in the soil was determined using an alkaline potassium 

permanganate (0.32%) solution followed by steam distillation using a Kjeldahl apparatus. 

The soil P availability was determined by employing Olsen's reagent (0.5M NaHCO3), 

ammonium molybdate, and stannous chloride. The resulting molybdophosphoric blue 

complex was then analyzed employing a spectrophotometer. The K, Na, Ca, and Mg content 

in the soils was extracted utilizing a (1M) ammonium acetate solution (pH:7) and then 

measured using a flame photometer (Na and K) and atomic absorption spectrophotometer (Ca 
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and Mg). The CEC in the soil samples was measured using an (1N) ammonium acetate 

solution followed by steam distillation employing a Kjeldahl instrument (Page et al., 1982). 

The particle size analyser was used to estimate the soil's particle-size distribution, and Brady 

(1990) used the triangular textural diagram to identify the soil's textural class based on the % 

concentrations of sand, silt, and clay. 

3.4.2 Alkalinity indices evaluation  

Various soil alkalinity predicted indices including sodium adsorption ratio (SAR), 

exchangeable sodium percentage (ESP), exchangeable cation ratio (ECR), cation ratio of soil 

structural stability (CROSS), and monovalent cation ratio (MCAR), and magnesium hazard 

(MH) were calculated based on Na, K, Ca, Mg cations to assess soil structural stability, clay 

dispersion, and their impact on both soil structure and microbial community (Rengasamy and 

Marchuk, 2011).  

3.4.3 Insight into different forms of potentially toxic elements (PTEs)  

3.4.3.1 PTEs in soil samples 

The samples were digested with mixture of acids including hydrofluoric acid (HF)- perchloric 

acid (HClO4-)- sulfuric acid (H2SO4)- nitric acid (HNO3) in a platinum crucible until the 

solution turns colorless. After that digested solution was filtered and measured the total PTEs 

in the solution using atomic absorption spectroscopy (AAS 816, Systronics, India) (Page et 

al., 1982).  

The DTPA extractable bioavailable forms of PTEs in samples were used as an extractant 

using 0.005(M) DTPA (diethylene triamine penta acetic acid), and after filtration, the 

concentration was determined through AAS (Lindsey and Norvel, 1978). 

The toxicity characterized leaching procedure (TCLP) method by USEPA is regarded as a 

worldwide benchmark test for PTEs leachability as well as determining the movement of 

contaminants in liquid, solid, and multiphase wastes (Yu et al., 2014). The probable toxicity 

of PTEs (Cr, Ni, Cd, Pb, and Cu) from the chromium-asbestos mine area was evaluated using 

the USEPA-TCLP test. Samples (pH > 5) were gently mixed with extraction fluid 2 (solution 

containing glacial acetic acid with pH 2.88) (Sun et al., 2006). The leachable form of PTEs 

was collected by the filtration method using Whatman No. 42 filter paper, and the 

concentration of PTEs in filtrate solution was measured employing AAS.  
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The bio-accessible forms of PTEs in samples were estimated according to a modified 

approach by Sarkar and Dutta (2003). The stomach phase (S-phase) and intestinal phase (I-

phase) were the two stages of the bio-accessible form of PTEs. The gastric phase solution 

(0.15 M NaCl mixed with 1% porcine pepsin and pH adjusted at 1.8± 0.05 using HCL) and 

intestinal phase solution (addition of 525 mg of bile salt extract and 52.5 mg of pancreatin 

and followed by adjusting the pH to 7.0± 0.05 using NaHCO3 solution). The procedure 

mimics the human body system in vitro. After incubation at 37°C, filtrates were collected 

from both phases and measured the concentration of PTEs was measured through AAS. 

Sequential extraction of different forms including water-soluble (Ws), exchangeable (Ex), 

carbonate-bound (Car), Fe-Mn oxide-bound (Ox), organic-bound (Or), and mineral-bound 

(Min) of PTEs (Cr, Ni, Cu, Cd, and Pb) in samples were chemically fractionated and 

progressively extracted using a standard process by Tessier et al., (1979). The bioavailable 

fraction (BA) is often represented by a combination of water-soluble and exchangeable 

fractions. The water-soluble fraction was extracted from the soil sample with distilled water, 

while the exchangeable phase was extracted using 0.5M Mg (NO₃)₂. After that, carbonate-

bound (Car), Fe-Mn oxide-bound (Ox), organic-bound (Or), and mineral-bound (Min) was 

extracted using 1(M) sodium acetate, 0.08(M) hydroxyl-amine hydrochloride mix with acetic 

acid, 0.02(M) nitric acid mix with peroxide and ammonium acetate, and concentrated nitric 

acid. 

3.4.3.2 PTEs in rice samples 

The PTEs content in rice plant parts (dried roots, shoots and raw rice grain) were digested 

with a mixture of di-acid [4:1 HNO3:HClO4(v/v)] in a conical flask placed on an electric 

mantel at 190℃ until the color changed. The PTEs concentration in the digested solution was 

measured by AAS following the method as described (Li et al., 2018). 

In most Asian countries, including India, cooking rice in extra water (1:10) was a traditional 

practice, and after cooking, excess water was drained out in the form of starch. Prior to 

cooking, the husk was removed from the rice grain samples and thoroughly cleaned with 

distilled water. For cooking, distilled water was added to a container containing rice (husk 

removed), which was then placed on a hot plate. Both the surplus water (starch) and the 

boiled rice were collected when the rice was fully cooked. To obtain the total PTEs 

concentration, rice grain sections husk (H), without husk rice (WH), boiled rice (BR), and 
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starch (ST) were digested with a di-acid mixture (HNO3:HClO4) (Chowdhury et al., 2020). 

The PTEs concentration was measured using AAS 

A similar procedure was used for the bio-accessible forms (S and I) of PTEs in various rice 

sections (H, WH, BR, ST), as outlined by Sarkar and Dutta (2003). Porcine pepsin, bile salt 

extract and pancreatin were used in the respective phases and obtained the filtrate solution 

after completion of the procedure. The PTEs was determined using AAS. 

3.4.3.3 Determination of plants' PTEs accumulation pattern and PTEs mobility indexes 

To evaluate the mobility and accumulation patterns of PTEs in several sections of vetiver 

(shoot and root), two crucial indices, particularly the plant bioaccumulation factor (PBAF) 

and plant translocation factor (PTF), were adopted. The PBAF evaluates the capacity of a 

plant to uptake PTEs from the soil to the plant shoot, while the PBCF denotes the capability 

of plant to uptake PTEs from the soil to the root. Additionally, PTF indicates the plant's 

ability to translocate PTEs from the root to the shoot (Singh et al., 2019). 

                                   Plant Bioaccumulation Factor (PBAF)=
𝑆ℎ𝑜𝑜𝑡 𝑃𝑇𝐸𝑠

𝑆𝑜𝑖𝑙 𝑝𝑇𝐸𝑠
                              (1)   

                                   Plant Bioconcentration Factor (PBCF)=
𝑅𝑜𝑜𝑡 𝑝𝑇𝐸𝑠

𝑆𝑜𝑖𝑙 𝑃𝑇𝐸𝑠
                               (2) 

                                   Plant Translocation Factor (PTF)=
𝑆ℎ𝑜𝑜𝑡 𝑝𝑇𝐸𝑠

𝑅𝑜𝑜𝑡 𝑃𝑇𝐸𝑠
                                      (3)    

3.4.4 Insight into microbial properties and community diversity  

3.4.4.1 Microbial-enzymatic attributes 

The microbial activity includes microbial biomass—carbon (MBC), nitrogen (MBN), 

phosphorus (MBP)—and respiration (substrate-induced respiration: SIR, and basal soil 

respiration: BSR) were analyzed based on respective protocols (Alef, 1995; Brookes et al., 

1985; Joergensen et al., 2011). Additionally, enzyme activity for β-glucosidase (BG), urease 

(U), alkaline phosphatase (AP), and acid phosphatase (APP), dehydrogenase (DHG) 

following methods by Tabatabai, (1994), as well as fluorescein diacetate (FDA) hydrolysis 

(Schnrer and Rosswall, 1982) was evaluated using standard protocol. 

3.4.4.2 Microbial nutrient limitation via vector analysis 

The determination of the stoichiometry of enzyme activities in this study region was 

conducted using the vector analysis technique, as described by Moorhead et al., (2013). The 
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measurements of length and angle, referred to as "Vector L" and "Vector A" respectively, 

were approximated in order to assess the extent of microbial nutrition constraint using the 

provided equations. 

   Vector L (unitless) = √X2 + Y2     (4) 

   Vector A (degree) = Degrees (Atan2 (X, Y))   (5) 

Here: 

X =
Enzyme C (BG)

Enzyme C (BG) +  Enzyme P (AP)
, Y =

Enzyme C (BG)

Enzyme C (BG) +  Enzyme N(U)
 

3.4.4.3 Soil total DNA and Illumina MiSeq 16S rDNA amplicon sequencing 

The total soil DNA per site was extracted using the Xploregen soil kit, following a 

standardized technique. The V3-V4 region of the 16S rDNA was amplified by polymerase 

chain reaction (PCR) utilizing the primers V34F (5’ AGAGTTTGATGMTGGCTCAG3’) and 

V34R (5’ TTACCGCGGCMGCSGGCAC3’). The amplicons generated through polymerase 

chain reaction (PCR) were subjected to purification using Ampure beads in order to eliminate 

any residual primers. Subsequently, an additional 8 cycles of PCR were conducted. The DNA 

extracted from the moist samples was evaluated for both its quality and quantity using 

NanoDrop. DNA samples with an absorbance ratio A260/A280 more than 1.9 were selected 

for further analysis. Following the purification of the libraries, a quantitative analysis was 

conducted with the Qubit dsDNA High Sensitivity test kit. Afterward, the sequencing process 

was conducted utilising an Illumina MiSeq 2x300PE V3-V4 sequencing kit. The raw 

sequencing reads produced by the Illumina Miseq platform underwent a series of quality 

control steps. These included filtering out high-quality reads based on their score value, 

removing reads that contained primer/adaptor sequences, and trimming the read length. 

Additionally, various aspects of the reads were assessed, such as base quality score 

distribution, sequence quality score distribution, PCR amplification issues, average base 

content per read, and overrepresented sequences. The goal of these steps was to retain only 

the reads of high quality. The National Centre for Biotechnology Information (NCBI) 

database was utilised for the analysis of the 16s V3-V4 region. Additional examination of the 

sequenced samples encompassed the identification of chimaera, the clustering of operational 

taxonomic units (OTUs), the selection of representative sequences, and the assignment of 

taxonomic classifications. The bacterial community analysis focused on assessing alpha 

diversity within each site and beta diversity between sites. Alpha diversity encompasses 

various aspects of community diversity, including the Shannon, Simpson and Fischer 
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diversity. It also takes into account evenness, as measured by the Shannon equitability index, 

and richness, as estimated by the abundance-based coverage estimator (Chao1). The 

Whittaker beta diversity index was a dissimilarity measure that was calculated using 

abundance or relative abundance data (Narendrula-kotha and Nkongolo 2017). 

3.5 Insight into biochemical characteristics and antioxidant enzyme activity 

The biochemical properties, including chlorophyll a, chlorophyll b, total chlorophyll, total 

carotenoid, total soluble sugar, proline, protein, were measured using a modified 

methodology by Singh et al. (2019). The antioxidant activity, which includes catalase, 

guaiacol peroxidase, and superoxide dismutase, was assessed using a standardized technique 

described by Banerjee et al., (2019). Lycopene, capsaicin, titratable acidity, ascorbic acid, and 

pungency were carried out using a modified standard protocol (Das et al., 2016; Tripodi et al., 

2019). The protein and amylose content in rice (without husk) were estimated by the 

modified standard protocol of Lowry et al. (1951) and Liu et al. (2023), respectively. 

3.6 Insight into growth properties of plants: an agronomic perspective 

The plants were carefully uprooted, removing soil from the roots by gentle tapping, and 

properly washed under tap water. Excess water in the roots was eliminated by blotting papers 

followed by drying the samples in a hot air oven (55°C for 48 hours). The dry weight (g) of 

root and shoot was recorded subsequently. Similarly, the fresh weight (g) was estimated using 

an electronic balance prior to drying (Mayer et al., 2017). The height or length (cm) was 

estimated using a scale. The agronomic traits estimated for chilli plants were plant height, 

fresh weight of chilli, No of chilli/plant, length of chilli, and yield (g/plant). These 

measurements were recorded based on the standard protocol described by Wahocho et al., 

(2016). In case of sesame and tomato, shoot length, root length, and yield were considered for 

the evaluation, while in case of rice, plant height, 1000 grain weight (g), straw yield (t/ha), 

and grain yield (t/ha) were taken (Jha et al., 2024; Chakraborty et al., 2024)     

3.7 Insight into arbuscular mycorrhizal fungi (AMF)  

3.7.1 Evaluation of root colonization percentage 

Following the procedure by Phillips and Hayman (1970), AMF root colonization rate was 

determined. In this process, roots from each treatment were thoroughly washed, sectioned 

into 1 cm root length, and placed in 10% KOH (water bath at 80ºC) for 1 hour. After rinsing 

with distilled water, the roots were immersed in 0.1N HCl for 30 minutes, washed again, and 



65 

 

stained with 0.05% Trypan blue to observe hyphae, arbuscules, and vesicles. De-stained root 

segments were analyzed for AMF colonization under a light microscope  

3.7.2 Glomalin-related soil protein (GRSP) determination 

The GRSP fractions (easily extractable: EE and difficultly extractable: DE) of each treatment 

were measured using the modified approach described by Anandakumar et al., (2024). 

Approximately, 1g of rhizosphere soil was processed for GRSP extraction. For EE-GRSP, the 

sample was mixed with 20 mM citrate solution (pH 7.0), autoclaved at 121ºC for 30 minutes, 

and centrifuged at 10,000 rpm for 10 minutes. This process was performed twice, and the 

supernatant was collected for EE-GRSP analysis. Then the remaining soil residue was used to 

extract DE-GRSP with 50 mM citrate solution (pH 8.0), autoclaved at 121ºC for 60 minutes, 

and centrifuged. EE-GRSP and DE-GRSP concentrations were measured using the Lowry 

assay (Lowry et al., 1951) with bovine serum albumin as the standard, and T-GRSP was 

calculated as their sum (EE and DE), expressed in mg g⁻¹ of soil. 

3.8 Vermi-remediation technology: an insight into earthworm dynamics, nutrient 

benefit ratio, and phospholipid fatty acid profiling (PLFA) 

3.8.1 Earthworm population enumeration 

Earthworm populations were systematically monitored during the vermicomposting process. 

To achieve this, feedstock materials were spread on trays (aluminum), and the finer feedstock 

particles were filtered through a iron mesh (3–4 mm). The vermibeds were divided into ten 

equal plots. Earthworms were then meticulously collected from the designated areas by hand 

for counting. The counts were noted and averages were computed for consistency. After 

recording the counts, the earthworms, along with the feedstocks, were returned to their 

designated containers. At the conclusion of the study period (90 days), earthworms were 

separated from the vermi units, and the vermi-processed materials were collected for analysis. 

3.8.2 Analysis of PTEs content in earthworm gut 

 At the end of the 90-day incubation period, 5 adult earthworms from each replicate were 

selected for gut TEs accumulation analysis. The earthworms were rinsed with de-ionized 

water and then placed on moist filter paper at room temperature (27±2°C) overnight for gut 

clearance (removal of faecal matter). Afterward, the worms were euthanized by freezing, and 

the samples underwent di-acid digestion using an HNO3–HClO4 mixture (4:1 ratio) (Charan 

et al., 2024). The concentrations of PTEs accumulated in the gut were measured using AAS. 



66 

 

Subsequently, the effectiveness of earthworms in accumulating TEs from each feedstock was 

then assessed by calculating the earthworm bioaccumulation factor (BAF) (Mondal et al., 

2020). 

Bioaccumulation factor (BAF) =
PTEs in earthworm gut 

bioavailable PTEs in substrate
                           (6) 

3.8.3 Assessment of stress enzymes in earthworms 

The activities of specific enzymes including super oxide dismutase (SOD), catalase (CAT), 

and peroxidase (POX) in earthworms are considered rapid and predictive indicators of their 

response to environmental stress (PTEs stress). These enzymes play a crucial role in 

safeguarding organisms against PTEs stress (Chao et al., 2016). For this experiment, 

earthworms were randomly selected from each treatment at intervals (0, 30, 60, and 90 days). 

Before analysis, their guts were cleansed for 24 hours. A pre-cooled 0.1 mol/L PBS solution 

(pH 7.4) [1:9 ratio (m/v)] was added, and the earthworms were ground thoroughly. The 

mixture was centrifuged at 4°C and 3000 rpm for 15 minutes. The resulting supernatants 

were used immediately to measure SOD, CAT, and POX contents and then aliquoted and 

stored at −80°C for further analysis (Chao et al., 2016; Wang et al., 2020). 

3.8.4 Nutrient benefit ratio and PTEs removal ratio of vermicomposted products  

 To evaluate the nutrient status of vermicomposted product and cow dung, a nutritional 

benefit ratio (NBR) was applied following a standardized formula (Sahariah et al., 2015). It 

was calculated based on different physicochemical properties, which are indicators of 

physico-chemical properties. 

Nutritional benefit ratio (NBR) = 
Mean 90 D concentration−Mean 0 D concentration

Mean 0 D concentration
      (7) 

A modified formula was utilized to evaluate the removal efficiency ratio of bioavailable PTEs 

during vermicomposting. 

PTEs removal ratio = 
0 D mean PTEs concentration − 90 D mean PTEs concentration

0 D mean PTEs concentration
         (8) 

3.8.5 PLFA analysis: An aspect for identifying fatty acid diversity and microbial 

communities, and model-based estimation 

The PLFA assay was conducted on vermicompost samples after 90 days of incubation 

according to the standard protocol to evaluate the microbial diversity (Hussain et al., 2018). 

In a nutshell, freshly collected samples (2g) were dried overnight in a centrifugal evaporator 
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(temperature 30°C) (Eppendorf-AG-5301) and then extracted using the Bligh–Dyer 

extractant [K2HPO4: methanol: chloroform (4:10:5)]. Lipids were isolated using solid phase 

extraction, and the resultant samples were combined with hexane for gas chromatographic 

and PLFA analysis. Microbial communities were identified using Sherlock software (Luo et 

al., 2016). The diversity of fatty acid profiles was subsequently calculated using various 

indices [Shannon diversity (SDI), Shannon evenness (SEI), and Evar (EVI)] as outlined in 

formulas (9), (10), and (11). to assess the impact of fatty acid richness on feedstock 

combinations (Chakraborty et al., 2022). 

Diversity index (Shannon): SDI = ∑ (qi lnqi)𝑛
𝑖=1                         (9) 

Here, qi: Sum total of each fatty acids relative abundance 

n: Fatty acids number 

Evenness index (Shannon): SEI = SDI/ ln R                              (10) 

where R: Tested fatty acids number 

If SEI is closer to 1, it denotes a more even distribution, while closer to 0 indicates a less 

even distribution. 

Evar index: EVI = 1-2 / πarctan {∑ln(yR) − ∑ln(y1) / R)2 / R}      (11) 

y: Sum total of fatty acids relative abundance 

This research also employs the Sobol sensitivity model to identify the most influential 

parameters for evaluating PLFA-based microbial diversity under the stress of PTEs (Kumar 

et al., 2020). The model-based approach SOBOL sensitivity analysis was also employed to 

identify and validate the most relevant PLFA factors that govern soil microbial community 

structure under the stress conditions of PTEs. SSM was conducted using Python 

software(version 3.10).  
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3.9 Application of different indices and models for validation of the findings 

3.9.1 Distribution pattern, and source allocation of different forms of PTEs at 

chromium-asbestos mine region 

3.9.1.1 Spatial pattern of PTEs determination using ArcGIS 

The distribution pattern of different forms of PTEs, including total, bioavailable, and 

leachable, was evaluated using geospatial analysis. Kriging interpolation was used for the 

spatial distribution of total PTEs and the factor score acquired from PMF analysis (ArcGIS 

version 10.4). The spatial dispersion of the soil PTE levels through leaching (TCLP) was 

carried out using the inverse distance weighted (IDW) interpolation approach. In the area of 

GIScience, the IDW interpolation method was frequently used to estimate the spatial data of 

unknown sites from nearby known sites (Ghosh et al., 2023b). Also, the geographical 

distribution of bioavailable PTEs, alkalinity indexes, and microbial community was plotted 

using IDW (ArcGIS version 10.4).  

3.9.1.2 PTEs Pattern identification through Self-organizing map (SOM) 

Artificial neural web (SOM) was developed to analyze the complex dataset and identify the 

pattern of PTEs and alkalinity indices in soil samples (Nakagawa et al., 2020). The similar 

color density denotes positive correlation whereas different color designates a negative 

correlation in the component plane. As part of the self-learning process, neurons are projected 

into two-dimensional units in order to improve the visualization. A heuristic equation was 

followed for choosing the number of neurons (Bhuiyan et al. 2021). 

𝑚 = 5  𝑥 √𝑛                                             (12)            

Here, ‘m’ denotes SOM nodes quantity and ‘n’ represents the input data quantity. The dataset 

was trained applying R-programming language (V.4.2.2). 

3.9.1.3 Source allocation of PTEs using Positive matrix factorization model (PMF) 

PMF was comprehensive model and applied for source allotment (Yan et al. 2019). 

Concentration of evaluating parameters (different form of PTEs concentration and alkalinity 

constituents like Na, K, Ca, Mg) and uncertainty values derived from equations were the two 

important files used as input to the PMF model (Jiang et al., 2019). The analysis was carried 
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out using EPA-PMF version 5.0. by optimizing various factors, Q value denoting the best fit 

data by model (Huang et al., 2021)   

𝑋𝑖𝑗 = ∑ 𝑔𝑖𝑘𝑓𝑘𝑗 +  𝑒𝑖𝑗  

𝑃
𝑘=1                                         (13) 

𝑄 = ∑ ∑ (
𝑥𝑖𝑗−∑ 𝑔𝑖𝑘𝑓𝑘𝑗  

𝑝
𝑘=1

𝑢𝑖𝑗
)

2𝑚

𝑗=1

𝑛

𝑖̇=1

              (14) 

         For c ≤ MDL,  𝑢𝑖𝑗 =
5

6
 MDL                                   (15) 

Else,  𝑢𝑖𝑗 = √(𝐸𝑟𝑟𝑜𝑟𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑥 𝑐)2 + (
𝑀𝐷𝐿

2
)

2

        (16) 

Here, i, j, and k = Samples number, elements and different sources respectively; Xij = The 

concentration of element j in sample i (mg kg-1); gik = The contribution source k in sample i 

(mg kg-1); fkj = The amount of element j in source k; eij = The residual part; uij = The 

uncertainty of element j in sample i; MDL = The species-specific method detection limit; 

Error fraction = the percentage of measurement of uncertainty (Goswami and Kamadhad, 

2023).   

3.9.2 Different indices indicate soil PTEs contamination level  

Roro and Tilasud villages are located at the foothill of the Roro mines. At that time, a 

considerable number of local villagers were involved in mining activity as mine workers. 

After the extraction of valuable minerals from the mines, toxic wastes were dumped 

abundantly on the top of Roro hills. Due to rainfall and wind blow, the toxic waste was 

spread over the adjacent agricultural field and contaminated the ecosystem. As a result, local 

villagers came into contact with harmful toxic mines waste. Due to this, the possible risk on 

ecosystem from mines waste was analysed.  

3.9.2.1 Pollution index (PI) 

Multi-element effects play a critical role in the study of PTEs contamination. The PI was 

evaluated to quantify the potential pollution of multi-PTEs of tailings and soils. The formula 

of PI was showed below (Equeenuddin et al., 2013). 

𝑃𝑜𝑙𝑙𝑢𝑡𝑖𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 (𝑃𝐼) =
𝐶𝑟

100
+

𝑁𝑖

100
+

𝑃𝑏

100
+

𝐶𝑑

100
+

𝐶𝑢

100

5
                (17) 
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This PI formula depicts the ratio of PTEs concentration in samples to the assumed 

permissible levels. The permissible limits of individual metals were Cr = 100 mg kg-1; Ni = 

100 mg kg-1; Pb = 100 mg kg-1; Cd = 100 mg kg-1; Cu = 100 mg kg-1, according to Kabata-

Pendias and Pendias (2001), Ferreira et al. (2022). 

3.9.2.2 Contamination index (CI) 

The contamination index was used to determine the total contamination level in a specific 

area. It was calculated against the background value of respective PTEs. The background 

values of individual PTEs were Cr = 36.7 mg kg-1, Ni = 36.7 mg kg-1, Pb = 48.78 mg kg-1, Cd 

= 50.8 mg kg-1, Cu = 116 mg kg-1 (Liao et al., 2022). The following equation was used to 

evaluate the contamination index (Rang et al. 1987; Weissmannová and Pavlovský, 2017). 

𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 (𝐶𝐼) =  ∑
𝐶𝑛

𝐵𝑛
                         (18) 

Where, Cn is the concentration of each PTEs in the sample and Bn is the background value of 

each PTEs (Likuku et al., 2013). 

3.9.2.3 Geo-accumulation index (Igeo) 

According to Mondal et al., (2017), the geo-accumulation index was applied to evaluate the 

probable accumulation pattern of various toxic elements (PTEs) in the environment. The 

formula was here below. 

𝐺𝑒𝑜 − 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (𝐼𝑔𝑒𝑜) =  log2
𝐶𝑛

1.5 𝐵𝑛
          (19) 

Here, the constant value of 1.5 is taken to evaluate the environmental variation of the toxic 

elements in the sample with anthropogenic activities. The reference value of Bn was collected 

from the annual report of Soil and Land Use Survey of India (SLUSI, 2013-2014).  

3.9.2.4 Ecological risk index (ERI) 

Yang et al., (2009) state that by aggregating the change in PTEs with respect to background 

reference values and toxicological factors, ERI was used to determine changes in toxic 

elements. The equation was shown below. 

𝐸𝑐𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙 𝑟𝑖𝑠𝑘 𝑖𝑛𝑑𝑒𝑥 (𝐸𝑅𝐼) = ∑
𝑇𝑖 𝑥 𝐶𝑛

𝐵𝑛
               (20) 

In this equation, Ti was the toxic response factor for each given metal. The value of Ti for Cr, 

Ni, Cd, Pb, and Cu were 2, 2, 30, 5, and 5 respectively (Ferreira et al., 2022).  
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3.9.3 Health risk assessment using total PTEs concentration 

The upper surface of the soil is more susceptible to metal pollution than underground soil. 

Various human activities like mining, overburden of materials, use of chemicals and 

fertilizers, dumping of toxic material, etc. mainly influence the contamination of the topsoil 

(wang et al., 2020). Therefore, PTEs on the upper surface of soil plays an important role in 

human health. Thus, human health risk (HHR) assessment is required. 

3.9.3.1 Ingestion, inhalation, and dermal analysis pathways for non-carcinogenic risk 

assessment 

Three important pathways through which the human body is exposed to upper surface of soil. 

Human body intake these polluted particulates from soil through nose, oral, mouth and skin. 

three pathways i.e ingestion, inhalation, and dermal were considered for non-carcinogenic 

risk assessment and the equation was derived from US Environment Protection Agency 

(USEPA., 1989; De Miguel et al., 2007; Huang et al., 2022). Non-carcinogenic risk of child 

and adult was determined following three formulas for each different exposure pathways. 

𝐴𝐷𝐷𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 =  
𝐶×𝐼𝑛𝑔𝑅×𝐸𝐹×𝐸𝐷

𝐵𝑊×𝐴𝑇
× 10−6                        (21) 

𝐴𝐷𝐷𝑖𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 =  
𝐶×𝐼𝑛ℎ𝑅×𝐸𝐹×𝐸𝐷

𝑃𝐸𝐹×𝐵𝑊×𝐴𝑇
                                     (22) 

𝐴𝐷𝐷𝑑𝑒𝑟𝑚𝑎𝑙 =  
𝐶×𝑆𝐴×𝑆𝐴𝐹×𝐴𝐵𝑆𝑑𝑒𝑟𝑚𝑎𝑙×𝐸𝐹×𝐸𝐷

𝐵𝑊×𝐴𝑇
× 10−6        (23) 

Here, ADD ingestion or inhalation or dermal were the daily intake of PTEs from soil (mg kg -1 day-1). 

The exposure parameters for risk assessment were followed according to Chabukdhara and 

Nema, 2013). 

3.9.3.2 Hazard quotient and hazard index  

Hazard quotient (HQ) and hazard index (HI) were basically helps to determine the non-

cancer risk. They were evaluated after the calculation ingestion, inhalation and dermal 

pathways following standard equation (US EPA, 1989 and Chabukdhara and Nema 2013). 

𝐻𝑄 =  
𝐼𝑛𝑡𝑎𝑘𝑒(𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 𝑜𝑟 𝑖𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑟 𝑑𝑒𝑟𝑚𝑎𝑙)

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑑𝑜𝑠𝑒 (𝑅𝑓 𝐷) 
                 (24) 

𝐻𝐼 =  ∑ 𝐻𝑄𝑒𝑥𝑃 =  𝐻𝑄𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 +  𝐻𝑄𝑖𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 +  𝐻𝑄𝑑𝑒𝑟𝑚𝑎𝑙     (25) 
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The RfD means the reference dose i.e., the harmless exposure limits for human in their 

lifespan. While, exPs denotes the three different pathways.  

3.9.3.3 Cancer risk assessment via three pathways on human  

The probability of growing cancer after an exposure to a carcinogen was assessment of 

cancer risk whereas total carcinogenic risk (TCR) was determined of an individual to develop 

cancer over a life span. TCR basically the summation of potential cancer risk of all PTEs. For 

estimation ADD ingestion or inhalation or dermal was multiplied by the CPFs factor (cancer potency 

factors) and it was different for each PTEs (Weissmannová and Pavlovský.,2017). 

Carcinogenic risk (CR) and total carcinogenic risk (TCR) were estimated following 

equations. 

𝐶𝑎𝑟𝑐𝑖𝑛𝑜𝑔𝑒𝑛𝑖𝑐 𝑟𝑖𝑠𝑘 (𝐶𝑅) = 𝐴𝐷𝐷 × 𝑆𝐹 × 𝐴𝐷𝐴𝐹      (26) 

𝑇𝐶𝑅 =  ∑ 𝐶𝑅                                                (27) 

3.9.3.4 Probabilistic models for risk assessment using Monte Carlo simulation model 

The sensitivity and uncertainty analysis were accomplished by MCS method using Crystal 

Ball software (version11.1.1, Oracle, Inc., USA).  

3.9.4 Health risk prediction through different indices and models using leachable and 

bio-accessible PTEs  

The human health risk was evaluated through three probable body exposure pathways (noses, 

mouths, and skin). For leachable PTEs, the health risk indices were determined via TCLP-

ADILingestion, TCLP-ADILinhalation, and TCLP-ADILdermal routes. After calculating these three 

routes using basic formulas, the hazard quotient (TCLP-HQ) and hazard index (TCLP-HI) 

were used to determine non-cancer risk. The cancer risk from PTEs was calculated by 

estimating carcinogenic risk (TCLP-CR) and total carcinogenic risk (TCLP-TCR). For 

bioaccessible PTEs, the health risk indexes (ADIingestion), hazard quotient (bio-accessible-HQ), 

carcinogenic risk (bio-accessible-CR), total carcinogenic risk (bio-accessible-TCR) were 

estimated (USEPA 1989; Huang et al., 2022). The input parameters and equations are 

depicted in Table 7 for health risk assessment according to the reports [USEPA (1989); 

Chabukdhara and Nema (2013); mospi.gov.in (NSSO 2010); Jharkhand CSO forum 2020-

2021 (Jo and Biswakarma 2021) and Ghosh et al., (2023a)]. In order to forecast the 

variability associated with health risk in the population (child and adult), a mathematical tool 
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“MCS” was employed in this study using Crystal Ball software (version 11.1.1.1, Oracle, 

Inc., USA) (Ghosh et al., 2023a). 

Input 

Parameters 
Unit 

Value 
Equations of health risk assessment 

Adult Child 

Average daily 

intake (ADI-

Soil) 

mg/day 100 200 
𝐴𝐷𝐼𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 =  

𝐶×𝐼𝑛𝑔𝑅×𝐸𝐹×𝐸𝐷

𝐵𝑊×𝐴𝑇
× 10−6    

 

𝐴𝐷𝐼𝑖𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 =  
𝐶×𝐼𝑛ℎ𝑅×𝐸𝐹×𝐸𝐷

𝑃𝐸𝐹×𝐵𝑊×𝐴𝑇
  

                            

𝐴𝐷𝐼𝑑𝑒𝑟𝑚𝑎𝑙 =  
𝐶 × 𝑆𝐴 × 𝑆𝐴𝐹 × 𝐴𝐵𝑆𝑑𝑒𝑟𝑚𝑎𝑙 × 𝐸𝐹 × 𝐸𝐷

𝐵𝑊 × 𝐴𝑇
×  10−6 

 

 

𝐻𝑄 =  
𝐼𝑛𝑡𝑎𝑘𝑒(𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 𝑜𝑟 𝑖𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑟 𝑑𝑒𝑟𝑚𝑎𝑙)

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑑𝑜𝑠𝑒  
 

 

𝐻𝐼 =  ∑ 𝐻𝑄𝑒𝑥𝑃 =  𝐻𝑄𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 +  𝐻𝑄𝑖𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 +  𝐻𝑄𝑑𝑒𝑟𝑚𝑎𝑙 

 

 

𝐶𝑅 = 𝐴𝐷𝐼(𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 𝑜𝑟 𝑖𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑟 𝑑𝑒𝑟𝑚𝑎𝑙) × 𝑆𝐹 × 𝐴𝐷𝐴𝐹 

 

𝑇𝐶𝑅 =  ∑ 𝐶𝑅 

 

 

Average daily 

intake (ADI-

Rice) 

gm/day 278 
 

Inhalation  m3/day 20 7.6 

Dermal (Skin 

surface area: 

SA) 

m2 0.57 0.28 

Dermal (Skin 

adherence 

factor: SAF) 

mg/cm2 0.07 0.2 

Dermal 

absorption 

fraction (ABS) 

Unitless 0.001 

Exposure 

duration (ED) 
Years 24 6 

Exposure 

frequency (EF) 
days/year 365 365 

Average body 

weight (BW) 
Kg 60 15 

Average 

exposure time 

(AT) 

Days ED * 365 

Partial 

emission 

fraction (PEF) 

m3/kg 1.36 *109 

 

Unit conversion 

factor (CF) 
Dimensionless 1*10–6 

3.9.5 Prediction models of PTEs uptake in rice grain and its impact assessment 

3.9.5.1 Free ion activity model (FIAM) 

An integrated solubility model FIAM (free ion activity model) was implemented for the 

prediction of PTEs uptake in rice grains grown on chromium-asbestos mine tailings 

contaminated agricultural soil. A basic Freundlich equation (pH-dependent was used to 

predict the free ion activity of PTEs in the soil pore water (Golui et al. 2014; Golui et al., 

2021). Transfer factor (TF) was evaluated as the quotient of PTEs content in the plant to 

metal(loid) activity in the soil. The following equation was used to calculate TF.  

Table 7: The input values and equation of health risk assessment [mospi.gov.in (NSSO 2010); Jharkhand CSO forum 

2020-2021 (Jo and Biswakarma 2021); Ghosh et al., (2023a) and USEPA (1989)] 
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𝑇𝐹 = log
[𝑀𝑝𝑙𝑎𝑛𝑡]

(𝑀𝑛+)
        (28) 

Where,  [𝑀𝑝𝑙𝑎𝑛𝑡] is PTEs content in plant and (𝑀𝑛+) is the free metal ion activity in soil 

solution. 

The equation of Freundlich was applied to predict the free ion of activity of PTEs in as 

follows (Mandal et al., 2019): 

𝑝 (𝑀𝑛+) = { 𝑝 [𝑀𝑐] + 𝑘1 +  𝑘2 [𝑝𝐻] }/𝑛𝐹       (29) 

Here, (𝑀𝑛+) is the free ion activity of PTEs in mine tailings contaminated soil; M𝑐 is the 

labile pool of PTEs in soil presumed to be exclusively adsorbed on the humas (mol kg-1 

carbon); k1 and k2 are empirical, PTEs-specific constants; and nF is the power term from the 

Freundlich equation (Golui et al. 2020). In this context, 0.005(M) DTPA extractable-PTEs 

were used as estimates of the labile pool. For the prediction of PTEs uptake by plants, the 

equation (iii) was derived by combining the equation (i) and (ii) as follows:   

𝑝[𝑀𝑝𝑙𝑎𝑛𝑡] = 𝐶 +  𝛽1𝑝 [𝑀𝑐] +  𝛽2[𝑝𝐻]    (30) 

Where, C = k1/nF - log TF, β1 = 1/nF, β2 = k2/nF and C, β1, and β2 are empirical metal(loid) and 

plant-specific coefficients. By non-linear error minimization, equation (iii) was parameterized 

using “SOLVER” facilities in Microsoft Excel 2019. 

3.9.5.2 Risk assessment 

Human health risk for PTEs intake through the consumption of rice grains grown on mine 

tailing’s contaminated soil was calculated based on FIAM-HQ using the United States 

Environmental Protection Agency (USEPA) protocol (IRIS, 2020).  

𝐹𝐼𝐴𝑀 − 𝐻𝑄 =  
𝐴𝐷𝐷

𝑅𝑓𝐷
      (31) 

Here, ADD is the average daily dose (mg kg body weight-1 day -1) and RfD is the reference 

dose of different PTEs (Cr: 0.3, Ni: 0.02, Cd: 0.001, Pb: 0.0035, and Cu: 0.5) (IRIS, 2020; 

WHO, 1996).  If HQ > 1, the ADD of each PTEs exceeds the RfD values, suggesting that 

there is a potential risk associated with PTEs intake through rice grain consumption. The 

recommended daily consumption of rice grain was considered to be 0.2 kg/day and for an 

adult, the average body weight was assumed to be 68 kg for the calculation of FIAM-HQ 

(Kumar et al., 2021). Thus, the FIAM-HQ of an adult was estimated as follows: 
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𝐹𝐼𝐴𝑀 − 𝐻𝑄 =  
𝑀𝑝𝑙𝑎𝑛𝑡×𝑊

𝑅𝑓𝐷 ×68
    (32) 

Here, 𝑀𝑝𝑙𝑎𝑛𝑡 is PTEs content (mg kg-1) in rice grain grown on tailings contaminated soil; W 

is the daily intake of rice grain. This toxic limit value of extractable PTEs in soil was taken 

based on a particular pH and organic carbon content under the FIAM model framework.  

3.9.5.3 Risk thermometer prediction and Severity adjustment margin of exposure 

(SAMOE) of PTEs: Assessment of risks associated with dietary exposure to PTEs  

According to the Swedish National Food Agency, the risk thermometer is an effective method 

for risk characterization (Sengupta et al., 2021). Based on health based tolerable daily intake 

(TDI), risk thermometers assess the estimated exposure to a PTEs in food. The equation is 

used to calculate the human dietary to PTEs through rice intake as follow (Chowdhury et al., 

2020): 

𝑆𝐴𝑀𝑂𝐸 =  
𝑇𝐷𝐼

(𝐴𝐹𝐵𝑀𝑅×𝐴𝐹 ×𝑆𝐹×𝐸)
       (33) 

Where, TDI value for each PTEs is different i.e TDI for Cr: 1.0 mg/kg, Ni: 1.63 mg/kg, Cd: 

0.3 mg/kg, Pb: 5.0 mg/kg and Cu: 30 mg/kg (Kohzadi et al., 2019); 𝐴𝐹𝐵𝑀𝑅 : non-linear 

relation in dose range (1/10); BMR- Benchmark response; AF (Assessment factors) = a factor 

of 10 (conservative assessment); SF (Severity factor) = 100 (For cancer, the most severe 

category); E = Different exposure factor (here, the concentration of PTEs. 

3.9.5.4 Estimation of target cancer risk through SAMOE approach (SAMOE-TCR) 

Among the factors that contribute to dietary risk assessment, TCR is of particular importance 

since it categorizes a human's lifetime exposure to carcinogens. The calculation of SAMOE- 

TCR is based on following formula (Bhattacharyya et al., 2021). 

𝑆𝐴𝑀𝑂𝐸 − 𝑇𝐶𝑅 =  
𝐸𝑓𝑟×𝐸𝑑×𝐹𝑖𝑟×𝐶×𝐶𝑃𝑆𝑜

𝐵𝑊𝑎×𝐴𝑇𝑐
∗ 10−3      (34) 

Here, 𝐸𝑓𝑟 : exposure frequency to PTEs (365 days); Ed: exposure duration (70yeras); 𝐹𝑖𝑟: 

food ingestion rate in grams per day; C = PTEs concentration; 𝐶𝑃𝑆𝑜 : oral cancer slope for 

Cr: 0.5 (mg kg-1 day-1), Ni: 1.7 (mg kg-1 day-1), Cd: 0.38 (mg kg-1 day-1), Pb: 0.0085(mg kg-1 

day-1), and Cu: 0 (mg kg-1 day-1) respectively (Onuoha et al., 2016); 𝐵𝑊𝑎 : Body weight (68 

kg); 𝐴𝑇𝑐: averaged carcinogenic exposure time (365days x 70 years), 10-3 : unit conversion 

factor.  
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3.9.5.5 Risk assessment of rice sample: An insight through Fuzzy-TOPSIS, Health-

dietary indices 

Rice is the major staple grain in the vicinity of the research. The health indices, including 

ADIRingestion, hazard quotient (HQR), and carcinogenic risk (CRR) were calculated based on 

rice parts (WH, BR) (Shao et al., 2023; and Neisi et al., 2024). The dietary health risk 

assessment was evaluated via ranking approaches. The SAMOE-risk thermometer was a risk 

characterization method that estimates the risk level of PTEs content in the husk, without 

husk rice, boiled rice, and starch. Each of the PTEs and their SAMOE (SAMOE-PTEs) 

values has been used to assess dietary consumption exposure class following standard 

equations (Joardar et al., 2023). Also, SAMOE-TCR was crucial to dietary risk assessment 

since it categorizes a human being's lifetime carcinogen exposure.  

Another approach, the Fuzzy-TOPSIS technique, was employed to determine the actual risk 

in rice sections based on synergetic performance score rank. Information entropy determines 

which alternative was closest to the Si+ and farthest from the Si- in the TOPSIS approach 

(Saif-Ud-Din et al., 2022). 

3.9.6 PTEs contribution assessment on rice components using machine-learning 

approaches 

In order to identify the most appropriate model to forecast the contribution of the different 

leachable PTEs from the chromium-asbestos mine tailings waste to rice parts (H, WH, BR, 

and ST), seven ML approaches have been implemented, including linear regression (LR), 

multivariate adaptive regression spline (MARS), support vector machine regression (SVM), 

random forest (RF), K nearest neighbour (KNN), extreme gradient boosting (XGB), and 

regression tree (RTtree). In this investigation, the correlation coefficient (r) value and root 

mean square error (RMSE) were used to assess model accuracy and the best-fit model based 

on actual and predicted values using R-software (4.3) (Taylor 1990, Mahammad et al., 2023).  

An artificial neural network (ANN), was an effective technique for identifying pattern 

classifications of datasets and predicting health risk by PTEs (Cho et al., 2011; Ostad-Ali-

Askari et al., 2017). In this research, ANN was applied to predict the risk-related effects on 

soil bio-accessible phases (S or I) of particular PTEs and which parts of rice (husk, without 

husk rice, boiled rice, and starch) were most affected by these PTEs.  

A survey questionnaire was designed to gather the necessary information from the residents 

of Roro village in the chromium mine area. The survey results were then taken into account 

for health risk assessment using one structural modelling tool, the "decision-making trial and 
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evaluation laboratory (Fuzzy-DEMATEL)" method. It also used causal diagrams (digraphs) 

to show systems interconnectedness. The matrix and equations were followed by Shieh et al. 

(2010). 

3.9.7 Evaluating the mycophytoremedial potency utilizing novel machine learning 

approaches 

3.9.7.1 Partial least squares structural equation modeling (PLS-SEM)  

PLS-SEM regarded as an appropriate statistical tool for examining causal relationships 

between various components in ecological studies (Pandey et al., 2021). It is crucial to 

identify the way through which different AMF amendments can affect the 

mycophytoremediation efficacy (MPRE) of vetiver grass. In this model, soil health quality 

(MBC, BSR, SIR), soil bioavailable PTEs (Cr, Cd, Ni, Cu and Pb), AMF attributes 

(colonization percentage, EEG, DEG), stress enzymes (PRO, SOD, CAT, GPOD), and plant 

growth (root length, plant biomass) were treated as exogenous latent variables, while 

mycophytoremediation efficiency was denoted as the endogenous latent variable. The validity 

of the PLS-SEM model has been evaluated based on R2 values. The PLS-SEM model was 

analyzed using SmartPLS software (version 4.1.0.9). 

3.9.7.2 Sobol sensitivity assay 

Sobol's sensitivity analysis conducted in Python software (version 3.10), is a variance-based 

model designed to quantify the impact of different parameters on the total variance of the 

model's output, irrespective of specific conditions, as elucidated by Nossent et al., 

(2011). This work utilized innovative Sobol analysis to evaluate the absorption patterns of 

TEs in the presence of potent AMF cultures, highlighting their direct impact on the 

mycophytoremedial potential of the vetiver plant. 

3.10 Statistical analysis 

Statistical analysis was applied to assess the data variations across different parameters. Data 

normality and homogeneity of variances were evaluated using the Shapiro-Wilk test, and 

Bartlett’s test, respectively. After confirming the data followed a normal distribution and 

variance homogeneity, a parametric test (one-way, two-way ANOVA) and t-test were 

conducted to compare the means across treatments. Mean separation was then carried out 

using the least significant difference (LSD) test at a 5% significance level (p < 0.05). All 
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statistical analyses were conducted using R software (version 4.3.0) and SPSS (version 25). 

The bar plots, violine plots, box-and-whisker plots, line plots, dot plots, were generated in 

Origin software (version 2024b) and Sigma Plot (14.5). The Pearson correlation and Principal 

components analysis (PCA) to explore the relationship between microbial diversity and PTEs 

dynamics were conducted using R-Studio (version 4.3.1).  
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Chapter 4: Results and Discussions 

Objective: 1 

 

4.1 Assessing the physico-chemical characteristics, microbial dynamics, and levels of 

PTEs in soil and crops cultivated on fields contaminated with CAMW 

As outlined in Section 3.2, three sites were selected for evaluating PTE contamination. 

Although Site 1 is a waste dumpsite with no ongoing agricultural activity, it was included for 

assessing general soil properties and conducting preliminary risk assessments. However, since 

the core focus of this study is on agricultural land, particularly crop systems that serve as a 

direct route for PTEs to enter the food chain, sites 2 and 3 were chosen for detailed 

investigation. These two sites were also utilized to assess the impact of toxic PTEs on soil 

microbial activity.  

4.1.1 Characterization of soil physico-chemical properties 

Physico-chemical properties of PTEs contaminated agricultural soil, and tailings from Roro 

mines in Jharkhand are described in Table 8. Most sampling sites had pH values that ranged 

from slightly acidic (6.04 ± 0.22) to slightly alkaline (7.65 ± 0.28), leading to carbonic acid 

formation. These carbonic acids and toxic mine waste deposition play a significant role in 

regulating soil reactions. As acidic soil increases the mobility of PTEs and alkaline soil forms 

a complex to decrease the mobility (Acosta et al., 2011).  

Table 8: Physicochemical parameters, PTEs level and alkalinity indices of chromium-asbestos mine 

soil (Mean ± Standard deviation)                                                                                                                                                    

Properties  Site 1 (mean ± SD) Site 2 (mean ± SD) Site 3 (mean ± SD) 

pH  6.04 ± 0.22 6.81 ± 0.34 7.65 ± 0.28 

EC (ds m-1)  0.28 ± 0.1  0.52 ± 0.19  1.10 ± 0.27  

TOC (%)  0.19 ± 0.04 0.72 ± 0.17 1.09 ± 0.18 

CO3 (%)  - 1.88 ± 0.11 2.33 ± 0.19 

HCO3 (%)  - 0.31 ± 0.024 0.40 ± 0.031 

Avl. N (mg/kg)  4.19 ± 0.16 30.26 ± 2.70 58.11 ± 3.27 

Avl. P (mg/kg)  6.32 ± 0.31 22.46 ± 3.18 27.95 ± 3.58 
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Avl. K (mg/kg)  7.27 ± 0.51 50.84 ± 6.17 40.31 ± 5.27 

Avl. Na (mg/kg)  13.48 ± 0.63 31.32 ± 4.29 22.95 ± 1.97 

Avl. Ca (mg/kg)  90.46 ± 7.09 395.13 ± 37.56 716.32 ± 86.74 

Avl. Mg (mg/kg)  106.73 ± 6.82 684.29 ± 57.46 939.17 ± 95.68 

CEC (meq/100gm)  4.02 ± 0.21 13.33 ± 1.39 23.4 ± 1.83 

Sand (%)  - 91.6 ± 7.47 83.1 ± 9.13 

Slit (%)  - 7.2 ± 0.59 14.3 ± 0.97 

Clay (%)  - 1.2 ± 0.03 2.6 ± 0.04 

Textural class  - Sandy Loamy Sand 

Total_Cr (mg/kg)  2018.24 ± 88.35 1350.60 ± 76.90 96.22 ± 4.5 

Total_Ni (mg/kg)  1484.88 ± 47.67 1059.95 ± 33.8  263.45 ± 10.7 

Total_Cd (mg/kg)  8.08 ± 0.43 5.51 ± 0.25 2.00 ± 0.07 

Total_Pb (mg/kg)  159.58 ± 7.84 107.92 ± 4.85 63.91 ± 2.09 

Total_Cu (mg/kg)  162 ± 8.52 88.22 ± 3.42 47.82 ± 1.01 

DTPA_Cr (mg/kg)  10.05 ± 0.42 7.41 ± 0.87 3.36 ± 0.89 

DTPA_Ni (mg/kg)  7.82 ± 0.61 5.91 ± 0.36 3.91 ± 0.75 

DTPA_Cd (mg/kg)  0.08 ± 0.005 0.06 ± 0.004 0.04 ± 0.002 

DTPA_Pb (mg/kg)  3.92 ± 0.23 1.61 ± 0.12 0.86 ± 0.06 

DTPA_Cu (mg/kg)  12.96 ± 1.02 7.35 ± 1.75 4.32 ± 0.79 

SAR  - 0.069 ± 0.0004 0.042 ± 0.0003 

ECR (%)  - 2.641 ± 0.31 1.364 ± 0.16 

ESP  - 1.721 ± 0.19 0.863 ± 0.07 

MCAR  - 0.135 ± 0.01 0.085 ± 0.009 

CROSS  - 0.127 ± 0.02 0.078 ± 0.003 

MH  - 74.095 ± 6.59 68.601 ± 5.97 

 

EC and OC varied statistically (p<0.05) among the 3 sites. EC is a key factor for crop 

production in agricultural soil. The results indicate that the uncontaminated site (site 3) has 

relatively better electrical conductivity for crop production as compared with site 2 and site 1. 

Organic carbon mainly improves soil structure, water retention, water drainage capacity, soil 

aeration, nutrients leaching, etc (Zeng et al., 2011). Generally, PTEs became less accessible to 

plants when they were bound to organic carbon (Dey et al., 2021). In this present scenario, OC 

content is less in the tailings site and contaminated site than uncontaminated site. The reason 

behind this is that toxic mine wastes may have lowered the organic carbon content of mine-

tailings site samples, and contaminated site samples compared to uncontaminated site samples. 
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Since toxic mine wastes in the chromium-asbestos mining area are not nutrient-rich but contain 

various PTEs. The available nitrogen, and phosphorus (P) content was significantly (p_avl.N 

= 0.0002; p_avl.P = 0.0001) lower in in site 1 and site 2 as compared with site 2. The decreased 

levels of nitrogen and organic carbon in site 1 and site 2 due to presence of toxic waste, can be 

attributed to nitrogen volatilization and reduced organic matter content, leading to strain on the 

microbial community and subsequently affecting nitrogen mineralization (Kizildag et al., 

2013). The mean value of exchangeable K, Na, Ca, Mg were in site 1 (7.27 mg/kg, 13.48 

mg/kg, 90.46 mg/kg, and 106.73 mg/kg); site 2 (50.84 mg/kg, 31.32 mg/kg, 395.13 mg/kg, and 

684.29 mg/kg) and site 3 (40.31 mg/kg, 22.95 mg/kg, 716.32 mg/kg and 939.17 mg/kg) 

respectively. Cation exchange capacity (CEC) was in between 4.06 cmol/kg and 23.40 cmol/kg 

among the 3 sites. The elevated pH, and EC observed in site 3, in contrast to site 2 and site 1, 

can be attributed to the greater presence of Ca, and Mg ions in these areas. Compared to site 3, 

site 2 had lower average carbonate and water-soluble bicarbonate contents, whereas site 1 has 

a negligeable content as site 1 is tailings dumping site (Table 8). The agricultural fields within 

the vicinity of chromium-asbestos mine area experience a scarcity of rainfall, resulting in the 

evaporation of water and the emergence of drought-like conditions (Banerjee et al., 2023). In 

this scenario, the combination of carbonate and bicarbonate ions with Ca or Mg ions may result 

in the precipitation of calcium carbonate or magnesium carbonate under conditions of drying. 

This precipitation process subsequently leads to an elevation in pH inside site 3. The 

agricultural fields in site 2, which were contaminated by waste from a chromium-asbestos 

mine, were primarily constituted of sand with an average value of 91.6%. In contrast, the 

uncontaminated field in site 3 had a maximum silt and clay percentage of 16.9%. The particle 

size distribution exhibited significant variations across different sites, indicating that mining 

operations had resulted in disturbances within the region. 

4.1.2 Evaluation of Total and Bioavailable (DTPA-extractable) PTEs 

The mean total and DTPA extractable PTEs concentration among the three sites are depicted 

in Table 8. Results showed that all the PTEs concentration mainly Cr followed by Ni, Cd, Pb, 

and Cu in site 1, site 2 sample was significantly higher as compared to site 3[{CrTotal (LSD: 

133.76; p = 0.004), NiTotal (LSD: 88.83; p = 0.006), CdTotal (LSD: 0.57; p = 0.007), PbTotal (LSD: 

6.77; p = 0.009), CuTotal (LSD: 7.90; p = 0.005)} and { CrDTPA (LSD: 0.46; p = 0.001), NiDTPA 

(LSD: 0.39; p = 0.003), CdDTPA (LSD: 0.004; p = 0.001), PbDTPA (LSD: 0.14; p = 0.002), CuDTPA 

(LSD: 0.71; p = 0.002)}]. As a result of toxic chromium-asbestos mine wastes deposition in 

the agricultural field, and the low pH and low OC content of the soil, there is a risk of 
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chromium, and nickel poisoning in the Roro mining area. The current situation has created a 

concern for animal, plant, and human health. 

4.1.3 Leachable PTEs concentration around the chromium-asbestos mines area 

A TCLP was a crucial tool for investigating the bio-accessibility of PTEs at the chromium mine 

site. In our study, Fig. 9 illustrates the results of the bio-accessible form of each PTE via TCLP. 

The observation revealed that the leachable-Cu concentration (LSD-CuTCLP: 0.30, p: 0.0008) 

was significantly below the permissible limit of USEPA in three sites of this mine region 

(USEPA 1990). Cr, Ni, and Cd concentrations were significantly higher in site 1 and site 2 

(LSD-CrTCLP: 2.34, p: 0.0007; LSD-NiTCLP: 1.22, p: 0.0009; LSD-CdTCLP: 0.23, p: 0.0002) than 

in site 3, due to the deposition of mine tailings waste in the tailings site and contaminated site. 

But Pb-leachable element concentration was higher in site 1 (LSD-PbTCLP: 0.42, p: 0.0001). As 

a result of long-term mining and the abandonment of chromium-asbestos mine tailings without 

any treatment, PTEs have been leached out of the tailings and accumulated over time into the 

nearby agricultural soil. TCLP results also indicate that Cr and Ni accumulation was found to 

be maximum around the mines and also exceeds the standards of TCLP-PTEs (USEPA 1990; 

CPCBI 2012). 

 

 

Fig. 9: Violin plot demonstrating the leachable and bio-accessible concentration of PTEs 

among the three zones. Here, Zone 1= Site 1, Zone 2 = Site 2, and Zone 3: Site 3  
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4.1.4 Bio-accessibility investigation of PTEs though stomach-intestinal phases  

As the TCLP approach does not distinguish between stomach and intestinal phases (Yu et al., 

2014), a study of actual bio-accessibility was necessary to understand the impact of PTEs on 

human health. Bio-accessibility was basically a physiological solubility of PTEs in the human 

stomach-intestinal tract (S-I). The agricultural soil was considered a key factor for the bio-

accessibility test. In this research work, bio-accessible fractions (S and I phases) of PTEs 

extracted from three sites were shown in Fig. 9. Results showed that, in both the fractions, all 

the PTEs concentrations were significantly higher in site 1 and site 2 as compared with site 3. 

In the S-phase, the PTEs bio-accessibility percentage of this studied area was in the order of 

(site 1: SPCr-52.77%, IPCr: 47.22%; SPNi: 55.42%, IPNi: 44.57%; SPCd- 53.89%, IPCd: 

46.10%; SPPb: 63.69%, IPPb: 36.30%, and SPCu: 42.53, IPCu: 57.46%; site 2: SPCr: 51.16%, 

IPCr: 48.83%; SPNi: 54.71%, IPNi: 45.28%; SPCd: 57.98%, IPCd: 42.01%; SPPb: 60.29%, 

IPPb: 39.70% and SPCu: 34.50, IPCu: 65.49%; and site 3: SPCr: 60.26%, IPCr: 39.73; SPNi: 

59.08%, IPNi: 40.91%; SPCd: 58.96%, IPCd: 41.03; SPPb: 61.97%, IPPb: 38.02%; and SPCu: 

53.97%, IPCu: 46.02%). Based on this percentage, Cr, Ni, Cd, and Pb exhibited high S-phase 

bio-accessibility in sites 1 and 2 except Cu, which showed high bio-accessibility in the I-Phase. 

The bio-accessibility of PTEs concentrations was increased in the S-phase as a result of the 

disposal of toxic tailings in the chromium-asbestos mines region. In S-phase, the pH was acidic 

in nature, which facilitates PTEs' easy dissolution and ability to pass the intestinal wall (Bosso 

et al., 2008; Saminathan et al., 2010). Simultaneously, bio-accessible PTEs in the S and I phases 

showed a strong positive correlation with the leachable (TCLP) concentration of PTEs [SPCr: 

0.80***, IPCr: 0.87***; SPNi: 0.92***, IPNi: 0.88***; SPCd: 0.98***, IPCd: 0.97***; SPPb: 

0.78***, IPPb: 0.90***; and SPCu: 0.83***, IPCu: 0.87***] as depicted in Fig. 10. Our results 

and Yu et al. (2014) observation were in accordance.  
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Fig. 10: The correlations plot depicts the relationships between TCLP, bioaccessible forms, and rice 

components. (Each point on the figure reflects correlation coefficients and their corresponding 

significance values, which are indicated by different colours) 

 

4.1.5 Distribution pattern of total PTEs using different model across the mining site 

4.1.5.1 Geostatistical approach of total PTEs pattern distribution 

A geostatistical analysis of Chromium-asbestos mine sites revealed the presence of total PTEs 

(Cr, Ni, Cd, Pb, and Cu). The characteristics parameters of the best-fit semi-variogram models 

and ordinary kriging method for PTEs content of these study area are shown (Fig. 11 and Table 

9). 
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Table 9: Semi-variogram characteristics parameters used in geostatistical modelling of total PTEs content. RMSE 

– root mean square error; AIC – Akaike Information Criterion; MSE – mean square error; RMSSE – root mean 

square standard error; G – Goodness-of-prediction; ASE – average standard error 

Total 

PTEs 
Nugget 

Partial 

sill 
Nugget/Sill*100 

Spatial 

dependency 
Model RMSE AIC MSE RMSSE G ASE 

Cr 597.95 597954.8 0.0990 Moderate Gaussian 544.1 517.32 0.082 1.476 68.18 573.83 

Ni 0.529 324305.62 0.0001 Strong Spherical 400.41 517.99 0.022 0.99 69.85 421.85 

Cd 0.239 0.545 43.85 Strong Gaussian 2.03 153.47 0.007 1.00 99.99 2.03 

Pb 1.03 0.148 695.94 Moderate Spherical 21.85 311.21 0.121 1.45 98.63 14.76 

Cu 0.532 0.283 187.98 Strong Spherical 24.35 320.54 0.013 0.81 97.84 30.63 

 

Combined partial sill, nugget, and standard deviation represent the maximum variance and 

reflect regional variation between data pairs. Cd, Ni, Cu nugget effect is low in the chromium-

asbestos mine site, indicating sufficient sampling density to explain the data spatial structures. 

To express the semi variograms in this assessment, the spherical model was used for Ni, Pb 

and Cu contents, while the gaussian model was used for Cr and Ni. For all elements the nugget 

to sill ratio was used to illustrate mild to strong spatial variations and also determining factor 

for geographical area, soil, weather and human entities. Near-zero MSE values and 1% RMSSE 

values for this study's prediction model supported its validity (Mondal et al., 2017). 



87 

 

 

Fig. 11: Maps showing the spatial distribution of total PTEs (Cr, Ni, Cd, Pb, Cu) in Chromium-

asbestos mine waste contaminated soils. 

 

4.1.5.2 Spatial distribution pattern of leachable-PTEs at chromium-asbestos mines area 

For the purpose of identifying patterns and making predictions about various leachable PTEs 

levels in the mining region, inverse distance weighting (IDW) was employed (Ghosh et al., 

2023b). For the purpose of predicting leachable-PTEs pattern in this mining area, IDW was 

used to visualize varying amounts of Cr, Ni, Cd, Pb, and Cu, as shown in Fig. 12. According 

to this GIS map, higher concentrations of Cr, Ni, Cd, Pb, and Cu were observed (western 

section) close to the chromium-asbestos tailing dumpsite, but PTEs concentrations were 
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decreased in the uncontaminated area (northern section). In Fig. 12, the dark blue colour 

demonstrates the higher contamination, while the other colour depicts relatively less 

contamination in this chromium-asbestos mining area. The main source of this observation was 

the deposition of toxic mine waste and mining activities at the chromium-asbestos mine in the 

western site, which resulted in increased concentrations of PTEs, particularly Cr and Ni. This 

contamination affected agricultural soil, crops, and water, causing significant impact to the 

ecosystem. In contrast, the northern section, located farther from the mining dumpsite, 

exhibited lower PTE concentrations, leading to reduced contamination and less harmful effects 

on the environment. The results were consistent with the findings of Ghosh et al. (2023b), 

which highlighted that mines and mining activities are the primary sources of PTEs pollution 

and have a detrimental effect on agricultural soil and crops. 

 
Fig. 12: An illustration of the spatial distribution pattern of different leachable-PTEs in 

Chromium-asbestos mines 
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4.1.5.3 PTEs distribution using self-organizing map 

SOM (self-organizing map) can be used to reveal significant information in interpretations that 

are hard to find with traditional approaches and the output were represented (Fig. 13a-c). By 

using SOM, this study explores a quantitative method of estimating PTEs distributions in soil 

as well as classifying and treating different sources of pollution. To demonstrate the importance 

of variables delivered by each SOM unit for each hexagon, color ranked plots were constructed 

in order to show the closer analogy between samples' characteristics based on their smaller 

hexagonal spaces. Each neuron's weight vectors and its neighbours form a unified distance 

matrix (U-matrix). Similarly, colored components in a component plane indicate positive 

correlation between variables, while different colors indicate negative correlation. Fig. 13a 

showed higher concentrations for all PTEs in the upper left neurons. The right upper quadrant 

neurons had more prominence for sites 1, neuron in left lower to upper for site 2, while the 

right lower quadrant neurons had more prominence for sites 3 (Fig. 13b). In addition, a U-

matrix clustered by location of sample sites was prepared using the SOM algorithm (Fig. 13c). 
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Fig. 13: (a) Distribution of each PTEs in Chromium-asbestos mine waste contaminated soils 

through self-organizing map (SOM); (b) Site wise PTEs concentration distribution maps; (c) 

Clustering of U-matrix denotes the three sampling sites. 
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4.1.5.4 Source-oriented distribution of PTEs utilizing positive matrix factorization model 

As a perspicuous method, the PMF was employed to inspect and identify the sources of the 

five PTEs in this region.  The PMF model evaluates the ‘Q’ value by repeating the model for 

several factors (1-6 factors). In our experiment, the model ran for 100 times to find the least 

stable Q value, and then extracted the optimum number of factors (four factors) based on the 

lowest and stable Q values (Chai et al., 2021). The S/N ratio (signal to noise) of the 5 selected 

PTEs were greater than 2 which indicate the strong data accuracy and confirms the model’s 

rationality. The regression between observed concentrations and predicted concentrations are 

shown in supplementary fig. 5. Model coefficient value (R2) greater than 0.9 indicated strong 

correlation between those PTEs, so it was appropriate to use the model for demonstration 

purposes and results were reliable. Fig. 14 (a-c) shows how each PTEs contributes to the PMF 

model as well as the associated precise factors profiles and correlation matrix.  
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Fig. 14: Source allocation of PTEs in Chromium-asbestos mine waste contaminated soils of 

the study location (a) the contribution percentage of each factor by PMF; (b) PMF model factor 

profiles of PTEs in Chromium-asbestos mine waste soils; (c) PMF model integrated with 

Pearson correlation analysis to detect the correlation between PTEs 
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Fig. 15 illustrates the analysis of the four PMF factors.  

 

Fig. 15: Percentage contribution of PTEs to the four factors 

 

The spatial distributions of PTE concentrations by GIS methods based on factor score were 

shown in Fig. (16a-d) as evidence of source apportionment. In this study, the PMF results 

denote that Factor 1 contributed to mainly Pb (38%; factor 2 loaded on Cu (32%) and Cd (24%); 

Factor 3 weighted on Cr (92%), and Ni (67%), and last factor 4 was dominated by Pb (21%) 

(Fig. 14b). A total variance of 15.72% was attributed to Factor 1, which was predominated by 

Pb, Ni, Cd, and Cr. The Igeo of Pb, and Cd also showed moderate to low contamination whereas 

Cr, Ni exhibits maximum contamination in site1 and site 2 as compared with site3. These PTEs 

are the primary industrial elements found in industrial waste mainly mining waste residue, 
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waste water, metal smelting, alloy processing, cement production, and apparel industry (Liu et 

al. 2020; Huang et al., 2022). In Fig 16a, spatial distribution indicate that the northern part was 

heavily loaded where mine waste dumping sites delivered contamination to the nearby water 

bodies and agricultural land (Fig 16a).  

 

Fig. 16: An illustration of the spatial distribution of factors (a-d) derived from the PMF model  

 

Reports regarding PTEs contamination from mine waste, industrial waste, textile industry, 

pharmacy etc. reported earlier (Ayub et al., 2020: Jiang et al., 2021). Accordingly, factor 1 was 

classified as industrial activities. Factor 2, which was dominantly composed of Cu, Cd, and Pb 

was ascribed to a total variance of 15.70%. In GIS map, factor 2 was located on the southern 

portion where agricultural lands were contaminated with deposited toxic waste (Fig. 16b). Due 

to the application of various fertilizers, herbicide, insecticides and pesticides, high 

concentrations of Cu, Pb and Cd are present in the agricultural soil (Cai et al. 2019; Huang et 

al. 2022). Additional studies have shown that Cu and its compounds are linked to fungicides, 

pesticides, and animal manure (Luo et al., 2009). Inorganic lead (Pb) was used in the 

preparation of insecticides and herbicides (Belon et al., 2012). As mentioned above, factor 2 
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could be associated with agricultural practices. In terms of total contribution, factor 3 made up 

61.68%.  It is mainly allied to the soil core material of the lithogenic source. It was primarily 

weighted on Cr, and Ni and a positive correlation was found between Cr and Ni. In this work, 

north-western portion of the area was loaded with factors 3 (Fig. 16c). Furthermore, our spatial 

distribution analysis in the study area reveals that Cr and Ni in the agricultural area is primarily 

released from chromium asbestos mines. Similarly, the Igeo index also revealed that Cr and Ni 

contamination was higher on site1 and site 2 than site 3. Previous researchers have found that 

these PTEs in the soil comes from soil parent material (Jiang et al., 2021; Huang et al., 2022). 

Therefore, factor 3 might be related to natural sources. The last factor, factor 4 contributes 

(6.9% of total variance) mainly to Pb followed by Cd and Cu. In terms of spatial distribution, 

Pb and Cu were very similar, and Cd exhibited some similarity, as well (Fig. 16d). Village areas 

and roads were the sites of the hotspots of these PTEs. Transportation, combustion of vehicle 

fuel, lead acid batteries and catalytic agents are the major sources of lead production. Similar 

nature of research reached similar conclusion (Du et al., 2019; Jiang et al., 2021; Hung et al., 

2022).  Cd and Cu are mainly obtained from smelting activities in industries, vehicle 

transporting, tires, lubricants and road traffic (Jiang et al., 2020; Hung et al. 2022). As analyzed 

above, Factor 4 might be determined as traffic emissions. This result indicates that the PMF 

model was capable of analyzing the quantitative sources of PTEs in soil, and that the result was 

more accurate. In site 1 and site 2, natural and industrial contamination have always been 

considered the most important sources of PTEs pollution and might pose a significant impact 

on human health risks. Since Cr and Ni were loaded most with these two factors, they were 

identified as priority contaminants for further risk reduction. 

4.1.6 Soil pollution level determination through different indices  

Total PTEs concentrations were substantially higher in the soils of chromium-asbestos mines 

area which are eventually subjected to mine toxic waste disposal. Thus, it can immensely 

pollute the ecosystem and human health. So, in this research, this issue has addressed through 

the assessment of different indices and human health hazards.  

The pollution index (PI) is a useful tool to quantify the potential degree of contamination by 

PTEs in tailings and soils. Calculation of PI involved averaging the concentration ratios of all 

PTEs in a sample against their assumed permissible levels. The results of the pollution index 

(PI) are demonstrated (Fig. 17). In site 1 (6.50) and site 2 (4.42), the average PI value is 

significantly (p < 0.05) higher pollution (above the permissible limit PI >1) than in site 3 (0.85). 
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There is a danger of soil contamination in roro mines areas from Cr followed by Ni which has 

a pollution index (PI) higher than those of Cd, Pb, and Cu, as shown in this study. 

The contamination index was used to quantify the total contamination level in a particular area. 

In this context, CI is estimated in the Chromium-asbestos mines area and represented in Fig. 

17. In Roro mines, the average CI value for site 1, site 2, and site 3 is 17.20, 11.76, and 2.19 

respectively. Here results indicate that the PTEs contamination is higher in the tailings site 

(site1), and contamination site (site 2) as compared with the uncontaminated site (site 3). The 

CI for all analyzed PTEs decreased in the sequence of Cr>Ni>Pb>Cu>Cd. A significant (p 

<0.05) increase in the CI value above than permissible limit in site 1 and site 2 due to the 

presence of toxic mine waste in the soils. The CI values generally ranged from low to extremely 

high at Roro mines and Cr had a considerable influence on soil quality.  

 

Fig. 17: Box-whisker plot indicating the different index comparisons among the three sites in 

regards to pollution index (PI), Ecological risk index (ERI), Contamination index (CI) and 

geoaccumulation index (Igeo) of Chromium-asbestos mine waste contaminated soils 
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Fig. 17 denotes the ecological risk index (ERI) for all PTEs in the soil and the order of PTEs-

ERI is Cr>Ni>Pb>Cu>Cd according to their ERI. In the present study, all the estimated PTEs 

appear to pose low to moderate risk to the ecosystem as ERI values were less than 300. ERI 

value of Pb, Cd, and Cu contributes least to the overall environmental risk.  Despite Cr and Ni 

apparently posing a huge threat for the ecosystem and living beings within the Roro mine area, 

measured ERI values are trending towards the moderate category. Hence the living beings in 

this area are prone to probable ecological concerns from Cr and Ni contamination in soil. 

Basically, the geo-accumulation index (Igeo) was an effective index for the evaluation of the 

probable accumulation pattern of PTEs in the ecosystem. In this study area, (Igeo) values (Fig. 

17) showed low to extreme contamination (0 ≥Igeo ≤ 5) throughout the Roro mines area due to 

the presence of PTEs (Cr, Ni, Pb, Cd, and Cu) respectively. Hence the mean geo-accumulation 

index (Igeo), for Cr and Ni showed extremely contaminated, Pb showed moderately to extremely 

contaminated and Cu and Cd showed low contaminated soils. The trend of contamination in 

the CI coincides with all other indices (PI, ERI, Igeo), illustrating the high level of pollution 

and health risk for all living entities. These indices have shown similar results in earlier studies 

(Mondal et al., 2017; Kahangwa, 2022; Omeka et al., 2022; Wang et al., 2022) 

4.1.7 Humans non-carcinogenic and carcinogenic health risks assessment through total 

PTEs 

PTEs can cause detrimental effects on human health depending on their average daily intake.  

Any PTEs can be harmful even at very low concentrations, exposure time, and dosage (Roy 

and Bhattacharya, 2022). In light of this, it becomes vital that individual PTEs are evaluated 

based on their hazards posed by a variety of exposure routes (ingestion, inhalation, dermal 

exposure). Tables (10, 11, 12) show non-carcinogenic risks, carcinogenic risk from PTEs, HQ 

(hazard quotient), and aggregate HI (hazard index) through three exposure pathways in children 

and adults. In our study, a mean significant non-carcinogenic risk was observed from PTEs for 

adults and children in three sites of chromium asbestos mine area [ADDingestion: 7.39E-04, 

ADDinhalation: 1.08E-07 and ADDdermal: 6.21E-11 for adult; ADDingestion: 5.91E-03, ADDinhalation: 

1.65E-07 and ADDdermal: 3.48E-10 for children]. Over three exposure pathways for both adults 

and children, site1 showed significantly higher non-carcinogenic risk than sites 2 and 3 (Table 

10). 
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Table 10: Non-carcinogenic risk (three exposure pathway) values on adults and children  

Tota

l 

PTE

s 

Adult Child 

Site 

1 

𝑨𝑫𝑫𝑰𝒏𝒈𝒆𝒔𝒕𝒊𝒐𝒏 𝑨𝑫𝑫𝒊𝒏𝒉𝒂𝒍𝒂𝒕𝒊𝒐𝒏 𝑨𝑫𝑫𝒅𝒆𝒓𝒎𝒂𝒍 𝑨𝑫𝑫𝑰𝒏𝒈𝒆𝒔𝒕𝒊𝒐𝒏 𝑨𝑫𝑫𝑰𝒏𝒉𝒂𝒍𝒂𝒕𝒊𝒐𝒏 𝑨𝑫𝑫𝒅𝒆𝒓𝒎𝒂𝒍 

Cr 3.22E-2 4.74E-7 1.28E-9 2.58E-2 7.21E-7 7.23E-9 

Ni 2.37E-3 3.49E-7 9.47E-10 1.89E-2 5.30E-7 5.32E-9 

Cu 2.58E-4 3.80E-8 1.03E-10 2.07E-3 5.79E-8 5.80E-10 

Cd 1.29E-5 1.90E-9 5.15E-12 1.03E-4 2.89E-9 2.89E-11 

Pb 2.55E-4 3.75E-8 1.02E-10 2.04E-3 5.70E-8 5.71E-10 

Site 

2 

      

Cr 2.15E-3 3.17E-7 8.61E-10 1.72E-2 4.82E-7 4.84E-9 

Ni 1.69E-3 2.49E-7 6.76E-10 1.32E-2 3.79E-7 3.79E-9 

Cu 1.41E-4 2.07E-8 5.63E-11 1.12E-3 3.15E-8 3.16E-10 

Cd 8.82E-6 1.30E-9 3.52E-12 7.05E-5 1.97E-9 1.97E-11 

Pb 1.72E-4 2.54E-8 6.88E-11 1.37E-3 3.86E-8 3.86E-10 

Site 

3 

      

Cr 1.59E-4 2.34E-8 6.35E-11 1.27E-3 3.56E-8 3.57E-10 

Ni 4.34E-4 6.39E-8 1.73E-10 3.47E-3 9.71E-8 9.73E-10 

Cu 7.77E-5 1.14E-8 3.10E-11 6.21E-4 1.74E-8 1.74E-10 

Cd 3.28E-6 4.82E-10 1.31E-12 2.62E-5 7.33E-10 7.35E-12 

Pb 1.03E-4 1.52E-8 4.13E-11 8.28E-4 2.31E-8 2.32E-10 

 

 The HQs of all the PTEs for both adults and children were <1 among all sites of the Roro 

mines area. A significant difference was found between site 1 and sites 2 and 3 in terms of their 

hazard quotients (HQs) for different exposure pathways (Table 12). The average health risk 

index (HI) values for adults and children in this area were below the USEPA’s limit (HI>1) 

(USEPA’s, 2014) denoting no possible non-carcinogenic risk. Therefore, both children and 

adults were most likely to be exposed through ingestion. Among the three sites of Roro mines, 

the sequence of hazard pathways was: ingestion > dermal > inhalation. Also, it was observed 

that HI values were higher among children than in adults for all elements and all exposure 

pathways. Thus, the results shed light on the fact that children are more susceptible to 

environmental PTEs. Similar results were seen in some reports that children are more sufferers 

and ingestion was the most common pathway for health hazards (Huang et al., 2021; Alyousef 

et al., 2022). 
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Table 11: Carcinogenic risk (three exposure pathway) values on adults and children  

Total 

PTEs 

Adult Child 

Site 1 𝑪𝑹𝑰𝒏𝒈𝒆𝒔𝒕𝒊𝒐𝒏 𝑪𝑹𝒊𝒏𝒉𝒂𝒍𝒂𝒕𝒊𝒐𝒏 𝑪𝑹𝒅𝒆𝒓𝒎𝒂𝒍 𝑪𝑹𝑰𝒏𝒈𝒆𝒔𝒕𝒊𝒐𝒏 𝑪𝑹𝑰𝒏𝒉𝒂𝒍𝒂𝒕𝒊𝒐𝒏 𝑪𝑹𝒅𝒆𝒓𝒎𝒂𝒍 

Cr 1.55E-3 2.37E-7 6.43E-10 5.80E-2 1.62E-6 1.62E-8 

Ni 2.15E-3 3.17E-7 8.61E-10 7.77E-2 2.17E-6 2.17E-8 

Cd 4.90E-6 7.21E-10 1.95E-12 1.76E-4 4.93E-9 4.94E-11 

Pb 1.07E-5 1.57E-9 4.27E-12 3.85E-4 1.07E-8 1.07E-10 

Site 2       

Cr 9.87E-4 1.58E-7 4.30E-10 3.88E-2 1.08E-6 1.08E-8 

Ni 1.54E-3 2.26E-7 6.15E-10 5.54E-2 1.55E-6 1.55E-8 

Cd 3.34E-6 4.92E-10 1.33E-12 1.20E-4 3.36E-9 3.37E-11 

Pb 7.24E-6 1.06E-9 2.89E-12 2.60E-4 7.28E-9 7.30E-11 

Site 3       

Cr 6.97E-5 1.17E-8 3.17E-11 c 8.00E-8 8.02E-10 

Ni 3.95E-4 5.81E-8 1.57E-10 1.42E-2 3.97E-7 3.98E-9 

Cd 1.24E-6 1.83E-10 4.97E-13 4.48E-5 1.25E9 1.25E-11 

Pb 4.34E-6 6.39E-10 1.73E-12 1.56E-4 4.37E-9 4.38E-11 

 

PTEs like Cr, Ni, Cd, and Pb are immensely carcinogenic substances. Table 11 denotes the 

(CR) carcinogenic risk and (TCR) total carcinogenic risk for children and adults were 

determined from the three different pathways among the three sites of chromium-asbestos 

mines. The maximum tolerable limit for total cancer risk (TCR) varies between 10-6 to 10-4 (Li 

et al. 2020). In our experiment, significant risks were observed (above the permissible limit) 

from Cr [adult: 1.56E-03; children: 5.81E-02] and Ni [adult: 2.16E-03; children: 7.77E-02] for 

both adults and children (Table 11). Also, children showed higher carcinogenic risk (CR) than 

adults from these PTEs via pathways (ingestion>inhalation>dermal). CR values from three 

sites showed a carcinogenic risk level order of site1>site2>site3. The carcinogenic risk from 

total PTEs concentration has been reported earlier although (Xiao et al., 2020; Roy and 

Bhattacharya, 2022). Similar results were observed for children’s carcinogenic effect from Cr 

in Iran (Najmeddin et al., 2018).  For Pb and Cd, the range of TCR fell within no carcinogenic 

risk effects (10-6 to 10-4) (Fig. 18).  
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Fig. 18: Sensitivity analysis of total carcinogenic risk (TCR) in (a) adults and (b) children 
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Thus, the risk was mainly from Cr followed by Ni in the chromium-asbestos mining area. Due 

to mining activity and dumping the toxic mine waste on the soil, the Cr and Ni concentration 

in the soil increased tremendously. Reports suggested similar work of increasing concentrations 

of Cr and Ni in mine-impacted soil (Alyousef et al., 2022). Thus, necessary measures should 

be taken to mitigate cancer risk.  

4.1.8 Predictable health risk assessment through concentration-oriented evaluation of 

PTEs  

In addition, the Monte-Carlo simulation (MCS) method was used to assess health risk 

evaluation to avoid mistakes caused by deterministic parameters being overestimated or 

underestimated. In chromium-asbestos mine areas, the non-carcinogenic and carcinogenic 

effects (on children and adults) of PTEs have been evaluated through three different pathways 

(ingestion, ingestion, and dermal) using MCS, and the data were represented (Tables 10, 11). 

The non-carcinogenic risk was inconsequential for both adults and children. The mean value 

of PTE’s single non-carcinogenic risk index was below 1. Apart from this, the mean HQ values 

trend of adults and children was Cr>Ni>Pb>Cd (Table 12).  
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Fig. 19: Probability distribution plot of TCR for adult and child by ingestion, inhalation and 

dermal through Monte Carlo simulation model 

 

The TCR values for Cr and Ni exceeded the permissible threshold of 10-6 indicating a high 

potential risk of cancer-causing. The TCR revealed that the probable risk of each PTEs was as 

follows: Cr>Ni>Pb>Cd. The health risk via soil ingestion was the most crucial pathway for 

carcinogenic risk for both adults and children and children are the maximum sufferer of 

hazards. Cr was established as the dominant PTEs of carcinogenic risk (CR) by differentiating 

the actual mean of carcinogenic risk value for both adults and children. In adults and children, 

Cr and Ni concentrations contribute to cancer risk (Wang et al., 2022). In the three sites, the 

contribution of PTEs concentration was the highest, and also recognized as a prime factor 

followed by the soil intake rate, RfD, and SF. The positive impact on HI and CR is due to the 

negative contribution of body weight. Furthermore, the population of the Roro mine should 

avoid consuming contaminated food, water, reduce agricultural and household activity near 
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mining sites. The risk assessment in the chromium-asbestos mine area of India should pay 

closer attention to PTEs exposure to Cr for especially children.   

4.1.9 Health risk assessment using Leachable PTEs  

PTEs in the soil's top layer significantly impact human health, as the upper surface of soil close 

to mining areas was more sensitive to PTEs pollution than beneath the soil (Wang et al., 2020). 

Tables (13-15) illustrate children’s and adults' non-cancerous risk (NCR), cancer-causing risks 

(CR), hazard quotient (TCLP-HQ), and hazard index (TCLP-HI) through three exposure 

pathways. In this study, site 1 showed a considerably greater NCR (ADILingestion: 1.07E-04, 

ADILinhalation: 1.58E-08, and ADILdermal: 4.29E-11 for adults; ADILingestion: 8.60E-04, 

ADIlinhalation: 2.40E-08 and ADILdermal: 2.41E-10 for child) as compared with sites 2 and 3 along 

three exposure paths (Table 13). The average ADIL value for these leachable-PTEs via 

ingestion of soil varied in order as Cr > Ni > Pb > Cu > Cd for both adults and children in site 

1 and site 2.  

Table 13: Non-carcinogenic risk of leachable-PTEs values on adults and children 

PTEs Adult Child 

Site 1 ADILingestion ADILinhalation ADILdermal ADILingestion ADILinhalation ADILdermal 

Cr 1.07E-04 1.58E-08 4.29E-11 8.60E-04 2.40E-08 2.41E-10 

Ni 5.20E-05 7.65E-09 2.07E-11 4.16E-04 1.16E-08 1.16E-10 

Cu 8.47E-06 1.25E-09 3.38E-12 6.77E-05 1.89E-09 1.90E-11 

Cd 4.41E-06 6.48E-10 1.76E-12 3.53E-05 9.85E-10 9.88E-12 

Pb 1.12E-05 1.65E-09 4.48E-12 8.99E-05 2.51E-09 2.52E-11 

Site 2       

Cr 5.54E-05 8.15E-09 2.21E-11 4.43E-04 1.24E-08 1.24E-10 

Ni 4.01E-05 5.89E-09 1.60E-11 3.21E-04 8.96E-09 8.97E-11 

Cu 2.35E-07 3.45E-11 9.37E-14 1.88E-06 5.25E-11 5.26E-13 

Cd 1.49E-06 2.19E-10 5.93E-13 1.19E-05 3.32E-10 3.33E-12 

Pb 4.64E-06 6.82E-10 1.85E-12 3.71E-05 1.04E-09 1.04E-11 

Site 3       

Cr 4.77E-06 7.02E-10 1.90E-12 3.82E-05 1.07E-09 1.07E-11 

Ni 2.92E-05 4.30E-09 1.17E-11 2.34E-04 6.53E-09 6.55E-11 

Cu 8.41E-08 1.24E-11 3.35E-14 6.73E-07 1.88E-11 1.88E-13 

Cd 2.99E-07 4.40E-11 1.19E-13 2.40E-06 6.69E-11 6.71E-13 

Pb 7.80E-07 1.15E-10 3.11E-13 6.24E-06 1.74E-10 1.75E-12 

 

As site 1 and 2 soils were highly contaminated with chromium mine tailing waste, Cr and Ni 

were found to be major contributors to the ADIL of leachable-PTEs. Similar trends were 

observed in other various studies (Ghosh et al., 2023a). The probable NCR of each leachable-

PTEs exposure was determined based on the HQ value. Among all three sites of the chromium 

mining area, the HQ values of all the leachable-PTEs for both adults and children were less 

than 1 (Table 14).  
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Table 14: Hazards quotients (HQ) and hazards indexes (HI) of leachable -PTEs for adults and children 

PTEs Adult Child 

Site 1 HQingestion HQinhalation HQdermal HI HQingestion HQinhalation HQdermal HI 

Cr 7.17E-05 1.05E-08 7.15E-07 7.24E-05 5.73E-04 1.60E-08 4.01E-06 5.77E-04 

Ni 3.47E-05 5.10E-09 3.46E-07 3.50E-05 2.77E-04 7.75E-09 1.94E-06 2.79E-04 

Cu 2.12E-04 3.11E-08 2.82E-10 2.12E-04 1.69E-03 4.73E-08 1.58E-09 1.69E-03 

Cd 4.41E-03 6.48E-07 1.76E-07 4.41E-03 3.53E-02 9.85E-07 9.88E-07 3.53E-02 

Pb 2.81E-03 4.13E-07 8.54E-09 2.81E-03 2.25E-02 6.28E-07 4.80E-08 2.25E-02 

Site 2         

Cr 3.70E-05 5.43E-09 3.69E-07 3.73E-05 2.96E-04 8.26E-09 2.07E-06 2.98E-04 

Ni 2.67E-05 3.93E-09 2.66E-07 2.70E-05 2.14E-04 5.97E-09 1.50E-06 2.15E-04 

Cu 5.87E-06 8.64E-10 7.81E-12 5.87E-06 4.70E-05 1.31E-09 4.38E-11 4.70E-05 

Cd 1.49E-03 2.19E-07 5.93E-08 1.49E-03 1.19E-02 3.32E-07 3.33E-07 1.19E-02 

Pb 1.16E-03 1.71E-07 3.52E-09 1.16E-03 9.28E-03 2.59E-07 1.98E-08 9.28E-03 

Site 3         

Cr 3.18E-06 4.68E-10 3.17E-08 3.21E-06 2.55E-05 7.11E-10 1.78E-07 2.56E-05 

Ni 1.95E-05 2.87E-09 1.94E-07 1.97E-05 1.56E-04 4.36E-09 1.09E-06 1.57E-04 

Cu 2.10E-06 3.09E-10 2.80E-12 2.10E-06 1.68E-05 4.70E-10 1.57E-11 1.68E-05 

Cd 2.99E-04 4.40E-08 1.19E-08 2.99E-04 2.40E-03 6.69E-08 6.71E-08 2.40E-03 

Pb 1.95E-04 2.87E-08 5.93E-10 1.95E-04 1.56E-03 4.36E-08 3.33E-09 1.56E-03 

 

Research conducted by Adedeji et al. (2020), based on the HQ values, the Cd and Pb in soil 

were determined to be 2.50E-05 and 2.42E-03, respectively. Contrastingly, Kan et al. (2021) 

found that the HQ values for Pb (1.85) exceeded the range of 1. The order of hazard paths for 

adults and children was as follows among the three sites of chromium mines: ingestion, dermal, 

and inhalation, respectively. Adults and children's average health risk index (HI) values in this 

region were below the USEPA's limit (HI > 1) (USEPA 2004), indicating no probable NCR 

threats (Table 14). While other studies showed that HI values for all leachable-PTEs were less 

than 1, that means the concentration of PTEs might pose a minute health impact on both adults 

and children (Alyousef et al., 2022). The risk of acquiring any type of cancer at any point in 

one's life as a result of having been exposed to a carcinogenic factor. When humans are exposed 

to soil TCLP-PTEs, including Cr, Ni, Cd, Cu, and Pb can cause cancer. CR of each PTE via 

three different pathways was demonstrated in Table 15.  

Table 15: Carcinogenic risk information of leachable PTEs on adults and children 

PTEs Adult Child 

Site 1 CRingestion CRinhalation CRdermal CRingestion CRinhalation CRdermal 

Cr 4.77E-05 7.90E-09 2.14E-11 1.93E-03 5.41E-08 5.42E-10 

Ni 4.73E-05 6.96E-09 1.89E-11 1.70E-03 4.76E-08 4.77E-10 

Cd 1.68E-06 2.46E-10 6.68E-13 6.03E-05 1.69E-09 1.69E-11 

Pb 4.72E-07 6.94E-11 1.88E-13 1.70E-05 4.75E-10 4.76E-12 

Site 2       

Cr 2.55E-05 4.08E-09 1.11E-11 9.98E-04 2.79E-08 2.79E-10 

Ni 3.65E-05 5.36E-09 1.45E-11 1.31E-03 3.67E-08 3.68E-10 

Cd 5.65E-07 8.31E-11 2.25E-13 2.03E-05 5.68E-10 5.70E-12 

Pb 1.95E-07 2.86E-11 7.77E-14 7.01E-06 1.96E-10 1.96E-12 

Site 3       

Cr 2.29E-06 3.51E-10 9.52E-13 8.59E-05 2.40E-09 2.41E-11 

Ni 2.66E-05 3.91E-09 1.06E-11 9.58E-04 2.68E-08 2.68E-10 

Cd 1.14E-07 1.67E-11 4.54E-14 4.10E-06 1.14E-10 1.15E-12 

Pb 3.28E-08 4.82E-12 1.31E-14 1.18E-06 3.29E-11 3.30E-13 
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The results showed that children in sites 1 and 2 were more likely to get cancer through 

ingestion than children in site 3. The carcinogenic risk was found in this area in the following 

order: site 1 > site 2 > site 3, based on the CR value of each TCLP-PTE. Ni and Cr showed a 

higher cancer risk for children (1.70E-03; 1.93E-03) as compared with adults (4.73E-05; 

4.77E-05) in this study.  

4.1.10 Risk prediction of Leachable PTEs by MCS model  

Additionally, the Monte Carlo Simulation (MCS) approach was employed to evaluate health 

risks (TCR) in order to prevent errors imposed by predictable parameters that were either 

overstated or underestimated. The 10-6 to 10-4 range represents the maximum tolerated level 

for total cancer risk (TCR) (Li et al., 2020). According to the probability distribution plot of 

MCS, children (1.88E-03) were more susceptible to TCR via ingestion than adults (5.08E-05) 

(Fig. 20).  

 

Fig. 20: Monte Carlo simulation distribution plot of leachable PTEs TCR for adults and 

children through body exposure pathways 
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Furthermore, as stated by Zeng et al. (2015), children are in a stage of development where they 

have reduced detoxification, toxin removal capabilities, and metabolism. Chen et al. (2023) 

similarly found that the carcinogenic risks linked to different routes of exposure were greater 

for children compared to adults. In addition, the sensitivity analysis revealed that Cr and Ni 

contributed to cancerous risk the most for three pathways as well as for both child and adult 

populations (Fig. 21).  

 

Fig. 21: Total carcinogenic risk (TCR) from leachable PTEs in adults and children showed by 

sensitivity plot 
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In contrast, Ahmad et al. (2021) and Wang et al. (2023) reported that the CR for Ni and Pb were 

below the permissible range in Pakistan and China, respectively. Similarly, in China and Iran, 

the CR of Ni has been measured to be 2.15E-03 and 1.13E-02, which exceeds the tolerable 

threshold of 10–4. Therefore, local people in this area have the potential to cause cancer 

(Taghavi et al., 2024; Liu et al., 2024). For other elements like Cd, Cu, and Pb, the mean value 

of leachable-PTEs falls within the range of no NCR effects. Similar research regarding rising 

Cr and Ni concentrations in mine-impacted soil has been reported (Roy and Bhattacharya 

2022). Through this research, we discovered that the persistent dumping of tailings waste close 

to agricultural land can accelerate the accumulation of leachable-PTEs in the soil, which could 

represent a threat to human health in a few decades.  

4.1.11 Risk assessment from bioaccessible PTEs (HQ, HI, NCR, CR, TCR) of adult and 

child 

Ingestion of PTEs' bio-accessible portion, which can easily be absorbed in the stomach and 

intestinal tract, affects human health. Hence, ingestion alone was taken into account for risk 

evaluation (Moreira et al., 2018). According to previously published studies (Qing et al., 2015; 

Wei et al., 2015), ingestion was the main exposure pathway for human health. In this work, 

Table 16 depicts the ADIingestion and HQ for adults and children owing to PTEs exposure in mine 

waste-contaminated agricultural soils.  

Table 16: Non- carcinogenic risk and hazard quotient values of bio-accessible PTEs (Stomach and Intestinal) 

PTEs Adult Child Adult Child 

Site 1 ADISingestion ADIIingestion ADISingestion ADIIingestion HQSingestion HQIingestion HQSingestion HQIingestion 

Cr 5.10E-04 4.56E-04 4.08E-03 3.65E-03 3.40E-04 3.04E-04 2.72E-03 2.43E-03 

Ni 3.60E-04 2.90E-04 2.88E-03 2.32E-03 2.40E-04 1.93E-04 1.92E-03 1.55E-03 

Cu 4.62E-05 6.25E-05 3.70E-04 5.00E-04 1.16E-03 1.56E-03 9.25E-03 1.25E-02 

Cd 5.99E-06 5.12E-06 4.79E-05 4.10E-05 5.99E-03 5.12E-03 4.79E-02 4.10E-02 

Pb 1.46E-04 8.34E-05 1.17E-03 6.67E-04 3.66E-02 2.08E-02 2.92E-01 1.67E-01 

Site 2         

Cr 1.56E-04 1.49E-04 1.25E-03 1.19E-03 1.04E-04 9.90E-05 8.30E-04 7.92E-04 

Ni 2.51E-04 2.08E-04 2.01E-03 1.66E-03 1.67E-04 1.39E-04 1.34E-03 1.11E-03 

Cu 2.68E-05 5.08E-05 2.14E-04 4.06E-04 6.69E-04 1.27E-03 5.35E-03 1.02E-02 

Cd 4.56E-06 3.30E-06 3.65E-05 2.64E-05 4.56E-03 3.30E-03 3.65E-02 2.64E-02 

Pb 9.81E-05 6.46E-05 7.85E-04 5.17E-04 2.45E-02 1.61E-02 1.96E-01 1.29E-01 

Site 3         

Cr 8.98E-05 5.92E-05 7.18E-04 4.73E-04 5.98E-05 3.95E-05 4.79E-04 3.16E-04 

Ni 4.90E-05 3.39E-05 3.92E-04 2.72E-04 3.27E-05 2.26E-05 2.61E-04 1.81E-04 

Cu 1.35E-05 1.15E-05 1.08E-04 9.19E-05 3.37E-04 2.87E-04 2.69E-03 2.30E-03 

Cd 1.74E-06 1.21E-06 1.39E-05 9.68E-06 1.74E-03 1.21E-03 1.39E-02 9.68E-03 

Pb 4.42E-05 2.71E-05 3.53E-04 2.17E-04 1.10E-02 6.78E-03 8.83E-02 5.42E-02 

In both S-phase and I-phase, the average ADIingestion results for children and adults were as 

follows: Cr > Ni > Pb > Cu > Cd. Since the allowable limit for risk was 1, the HQ analysis of 

both the S-phase and the I-phase showed that there was no noncarcinogenic risk (NCR) for 

either adults or children (Table 17).  
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Table 17: Carcinogenic risk values of bio-accessible PTEs via ingestion  

PTEs Adult Child 

Site 1 CRSingestion CRIingestion CRSingestion CRIingestion 

Cr 2.28E-04 2.06E-04 9.18E-03 8.21E-03 

Ni 3.28E-04 2.64E-04 1.18E-02 9.49E-03 

Cd 2.28E-06 1.95E-06 8.19E-05 7.01E-05 

Pb 6.14E-06 3.50E-06 2.21E-04 1.26E-04 

Site 2     

Cr 7.19E-05 6.73E-05 2.80E-03 2.67E-03 

Ni 2.28E-04 1.89E-04 8.22E-03 6.81E-03 

Cd 1.73E-06 1.25E-06 6.23E-05 4.52E-05 

Pb 4.12E-06 2.71E-06 1.48E-04 9.77E-05 

Site 3     

Cr 4.12E-05 2.69E-05 1.62E-03 1.07E-03 

Ni 4.46E-05 3.09E-05 1.61E-03 1.11E-03 

Cd 6.60E-07 4.60E-07 2.38E-05 1.65E-05 

Pb 1.86E-06 1.14E-06 6.68E-05 4.10E-05 

 

The study conducted by Ugbede et al. (2024) found that the HQ of Cd in adults and children in 

Nigeria was greater than 1, indicating non-carcinogenic health hazards in this area. According 

to Wang and Cheng's (2023) research, children in Lhasa farming soil were exposed to non-

carcinogenic levels of PTEs, with ingestion being the primary mode of exposure. To forecast 

the uncertainty related to cancer risk in the population (both children and adults), the MCS 

analysis was applied. The MCS-distribution plot analysis revealed that child (7.08E-03) and 

adult (1.89E-04) via I-phase were more receptive to TCR than S-phase [child (8.57E-03) and 

adult (2.31E-04)] (Fig. 23).  

 

Fig. 23: Probability distribution function for bio-accessible (Stomach and Intestinal) PTEs   
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Reports (Yang et al., 2022) obtained that the CR for Cr and Ni exceeded the permissible range 

of 10-4, with values of 4.39E-02 and 4.88E-03, respectively. Similarly, in this study, the 

maximum contribution of each PTE towards cancer risk in both phases (S and I phases) resides 

in Ni and Cr, according to MCS-sensitivity analysis (Fig. 24).  

 

Fig. 24: Contribution of bio-accessible PTEs to adult and child (Stomach and Intestinal) 

 

People who reside in the nearby chromium mine area were at greater risk, and their children 

are particularly vulnerable since they have intake the food and have a tendency to play on the 

agricultural field. Therefore, the risk assessment in the chromium-asbestos mines of India has 

to pay more consideration to PTEs exposure to Cr and Ni, especially for children. Based on the 

findings, the bio-accessible forms of PTEs were available for plant uptake and simultaneously 

posed a potential risk for ecosystems via food chains. 
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Since site 1 has been identified as a toxic mine tailing dumping area with high concentrations 

of PTEs that pose serious threats to all forms of life. This fact was established from 

aforementioned analysis. Also, there was no agricultural land for cultivation of crops, therefore, 

it was excluded from further investigation. As our key focus is the impact of PTEs on 

agricultural land, soil microbial community and the direct exposure of local residents to these 

elements in areas surrounding the mine. Consequently, only Site 2 (CAMW-contaminated 

agricultural site) and Site 3 (uncontaminated agricultural site) were chosen for further 

investigation, which includes rice sample collection, sequential extraction of PTEs, alkalinity 

indices and assessment of microbial activity. 

4.1.12 Sequential extraction assay of PTEs and their bioavailable-spatial pattern through 

GIS 

The distribution of PTE forms in the soil is shown in Fig. 25. The precise determination of 

potential toxicity was mostly based on the bioavailable fraction of PTEs, particularly the water-

soluble (Ws) and exchangeable (Ex) forms. All the forms of PTEs were found to be elevated 

in site 2 compared to site 3. The occurrence of PTEs (Cr, Ni, Cd, Pb, and Cu) in soil 

demonstrates diverse patterns of distribution, ranging from easily extractable forms to more 

enduring and resilient forms, owing to a range of interactions with soil constituents 

(Bhattacharyya et al., 2008). The presence of toxic chromium-asbestos mine waste on 

agricultural land (site 2) resulted in the highest concentrations of bioavailable forms of Cr (Ws: 

31.08 mg/kg, p = 0.0001; Ex: 80.76 mg/kg, p = 0.0003) and Ni (Ws: 13.90 mg/kg, p = 0.0007; 

Ex: 27.53 mg/kg, p = 0.0003) compared to others PTEs (Cd, Cu and Pb). The other predominant 

fractions, particularly Fe (III) and Mn (IV) oxides, exhibited the highest levels of PTEs binding, 

suggesting that the Ws and Ex fractions may experience a future increase due to the reductive 

dissolution of Fe (III)/Mn (IV). This phenomenon is anticipated as submerged paddy soils 

typically exist in a highly anoxic environment. The Ox-bound phases of all the PTEs exhibited 

a statistically significant increase inside the contaminated site. The other phases, mainly Car, 

Or, and Min bound PTEs, showed statistical insignificance. In contrast, the spatial distribution 

map reveals that the north-western region had a notable concentration of all bioavailable PTEs 

(Fig. 26), since mining activities affected nearby areas through the discharge of chromium-

asbestos mine waste. Therefore, the findings of this study demonstrate that the bioavailable and 

oxide forms of PTEs (mainly Cr and Ni) were identified as the key soil stressors (Ghosh et al., 

2023b). 
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Fig. 26: Geospatial distribution of bioavailable PTEs (Cr, NI, Cd, Pb, and Cu) in the chromium-

asbestos mine site 

 

4.1.13 Total PTEs content in different parts of rice plants 

As we considered site 1 as a toxic mine tailing dumping site, there was no agricultural land for 

cultivation of crops (basically rice), so we were only considering site 2 (contaminated site) and 

site 3 (uncontaminated site) for the collection of rice samples. The total concentration of PTEs 

in different plant parts of rice including root, shoot, and raw grains was estimated from site 2 

and site 3 and depicted in Fig. 27. The results of site 2 showed that PTEs concentration in the 

roots and shoots was significantly above the permissible limit (WHO 1996) than in site 3 

[{Crroot (p = 0.005), Niroot (p = 0.003), Cdroot (p = 0.0001), Pbroot (p = 0.0003), Curoot (p = 

0.0002)} and {Crshoot (p = 0.00001), Nishoot (p = 0.0002), Cdshoot (p = 0.0001), Pbshoot (p = 

0.0005), Cushoot (p = 0.0005)}]. In this context, PTEs concentration in raw rice grain is also 

significantly higher in site 2 than in site 3 [Crgrain (p = 0.0003), Nigrain (p = 0.0001), Cdgrain (p = 

0.0003), Pbgrain (p = 0.0005), Cugrain (p = 0.0001)]. Nawab et al., (2016) and Khan et al., (2018) 

their findings result supported our observation. A positive correlation was observed between 

bioavailable-DTPA extractable PTEs concentration and rice grains [CrDTPA (r = 0.95***), 
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NiDTPA (r = 0.91***), CdDTPA (r = 0.92***), PbDTPA (r = 0.95***) and CuDTPA (r = 0.93***)]. 

Positive correlation results showed that in site 2 PTEs accumulation in rice grain is higher than 

site 3. Thus, the findings were in line with reports of Zhou et al., (2014) which was stated that 

a strong correlation between bioavailable forms of toxic PTEs and rice grain uptake of PTEs. 

Rice grain in site 2 contain high levels of PTEs, mainly Cr and Ni, which may pose a threat to 

human health and the food chain.  

 

Fig. 27: Box-whisker plot demonstrating the comparison between the two sites in terms of 

PTEs content in rice root, shoot, and grain 

4.1.14 FIAM (Free ion activity model) of PTEs and risk assessment through FIAM-HQ 

Prediction of PTEs (Cr, Ni, Cd, Pb, and Cu) uptake by rice grains in the Roro mines area was 

done by solubility-free ion activity model (FIAM). Crop-specific model parameters (C, β1, and 

β2), and the prediction coefficient of FIAM are demonstrated (Table 18 and Fig. 28).  
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Fig. 28: FIAM analysis showed the comparison between measured and predicted PTEs (Cr, Ni, 

Cd, Pb and Cu) content in rice grain in Chromium-asbestos mine waste contaminated soil 

 

This study determined the human health risk associated with PTEs uptake in rice grain by using 

the FIAM model's hazard quotient (HQ). Among the staple foods of India, rice contributes a 

significant portion of the diet. In light of this, the safe limit of FIAM-HQ for staple food (rice) 

has been set at 0.5 (Raj et al., 2022). Rice grains are considered to pose a health menace to 

humans when FIAM-HQ > 0.5. In Table 18, the average value of FIAM-HQ for Cr, Ni, and, 

Pb are 1.50, 1.32, and Pb (5.55). These results indicated that the hazard quotient values are 

higher than the safe (FIAM-HQ < 0.5) for Cr, Ni, and, Pb except Cd (1.43E-03) and Cu (5.82E-

02). So, human consumption of rice grown on these agricultural soils of Roro mines may not 
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be recommended. Similar work has been done by Golui et al., (2021) that, wheat grown on 

PTEs contaminated soil is not recommended for human consumption predicted by FIAM-HQ. 

4.1.15 Risk thermometer and dietary exposure assessment through SAMOE 

The daily exposure of humans to PTEs is assessed in order to understand possible health risks. 

Through the application of a 'Risk thermometer', human health risk has been estimated from 

food. Fig 29 shows the 'Risk thermometer' for PTEs in raw rice grain, along with the SAMOE 

value, risk class, and concern level. The Risk thermometer scale is used to measure the PTEs 

toxicity mainly Cr and Ni in raw rice grains and the results indicate that the raw rice grain 

accounts for high health risk (Class 5) [CrSAMOE: 0.001; NiSAMOE: 0.002; CdSAMOE: 0.007; 

PbSAMOE: 0.008] for humans. But Cu content in rice grain shows moderate to high risk 

(CuSAMOE: 0.035). Apparently, the consumption of rice imposes health risks for human beings 

in this chromium-asbestos mines area due to the deposition of mine waste, high Cr and Ni 

concentrations in the rice grain as well as in the soil are observed (Kumar and Maiti, 2015). 

The experiment indicates that rice consumption may not be safe for humans and prolonged 

intake of this rice grain may lead to Cr, Ni, Pb and Cd poisoning in near future. 

 

Fig. 29: Risk thermometer scale shows the risk of PTEs (Cr, Ni, Cd. Pb and Cu) through 

consumption of rice grown on Chromium-asbestos mine waste contaminated soil 

 

Assessment of SAMOE-target cancer risk (SAMOE-TCR) through consumption of 

contaminated rice grain was reported in Table 18. The SAMOE-TCR of rice grain value was 

significantly higher for Cr (3.08E-02), Ni (9.25E-02) and Cd (1.12E-03) than the tolerable limit 

of 10-4 except Pb (3.40E-04) (Li et al., 2020). In our study, we observed that the risk of cancer 

associated with rice grains from the Roro mine is high. Researchers have reported an increased 
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risk of cancer occurrence through dietary exposure to PTEs (Cr, Ni, Cd, Pb, and Cu) (Kormokar 

et al., 2022).  

4.1.16 PTEs content (total and bioaccessible forms) in different plant parts of rice 

In the chromium-asbestos mine region, site 1 was a toxic mine tailing disposal site, so no rice 

crops were cultivated there; hence only sites 2 and 3 were considered for the collection of rice 

grain samples. In this scenario, total PTEs concentrations in different portions of rice (H, WH, 

BR, ST) can vary depending on various parameters like variety, origin, and cooking process 

used (Mandal et al., 2019). Before cooking, the husk was removed from the raw rice grain. In 

site 2, all the total PTEs concentrations especially, Cr and Ni in rice grain decreased, by 30%-

45%, 37%-53% respectively, and for other element concentrations (Cd: 55%-78%, Pb: 50%-

66% and Cu: 58%-82%) decreased after the removal of the husk as shown in Fig. 30.  

 

Fig. 30: Violin plots compared PTEs in rice sections (husk-H, without husk-WH, boiled rice-

BR, and starch-ST) between the two sites. Here, Zone 1= Site 1, Zone 2 = Site 2, and Zone 3: 

Site 3  

 

 



119 

 

Similarly, following the removal of the husk, the concentrations of all the bioaccessible PTEs, 

particularly Cr and Ni in rice grain, dropped by approx. 46%, 63%, respectively in the S-phase 

and 47%, 42% in the I phase (Fig. 31, 32). In accordance with the traditional approach, at the 

time of cooking, rice was dissolved in excess water and after that, surplus water was drained 

off in the form of starch. To assess the real risk posed by consuming BR, we also measured the 

PTEs concentration in dry BR and ST as depicted in Fig. 30.  

 

Fig. 31: The violin graphs illustrate the concentration of bioaccessible PTEs (S-phase) in 

several parts of rice (husk-H, without husk-WH, boiled rice-BR, and starch-ST) at two different 

zones. Zone 2 = Site 2, and Zone 3: Site 3  

 

Post-cooking, total PTEs concentration in dry BR decreased by 27%-51% for Cr, 50%-75% for 

Ni, and 85%-90% for other elements (Cd, Pb, and Cu) in site 2. Concurrently, the percentage 

of bioaccessible PTEs in dry BR reduced by 62%–80% for Cr and Ni for both phases. As a 

result, mainly Cr and Ni concentrations in rice (WH) and BR were above the permissible limit 

of raw rice in the contaminated site (site 2). A similar type of study has been done in the case 

of As, where the arsenic concentration in raw and cooked rice was significantly higher in 

contaminated site samples than in uncontaminated site samples (Mridha et al., 2022).  In starch, 

PTEs concentration was determined and depicted in Fig 30. This study also found that the 

supernatant liquid (ST) contained a higher amount of Cr and Ni in site 2 as compared with site 
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3. t-test statistical analysis suggested that for rice PTEs content, a significant difference was 

observed in contaminated and uncontaminated sites.  

 

Fig. 32: The violin plots depict the levels of bioaccessible PTEs (I- phase) in various 

components of rice (husk-H, without husk-WH, boiling rice-BR, and starch-ST) at two distinct 

zones (Zone 2 = Site 2; Zone 3 = Site 3) 

 

A highly significant positive correlation (>0.80***) was observed between bio-accessible 

fractions of PTEs (S and I phases) concentration and different rice grain portions (Fig. S4). 

TCLP leachable-PTEs concentration and different rice grain parts also showed a significant 

positive correlation with each other (Fig. 10). A strong correlation was reported earlier between 

bioavailable forms of toxic PTEs and rice grain uptake of PTEs (Zhou et al., 2014; Ghosh et 

al., 2024). Rice grain and cooked rice contain high levels of PTEs, mainly Cr and Ni, which 

may pose a risk to human health and the food chain. Similar results were found in the phyto-

available potions of metals in wheat and spinach (Golui et al., 2020). 

4.1.17 Health risk evaluation through ingestion of rice (WH and BR) 

In India, food intake is predominantly centered around rice, considered the main carbohydrate 

source (Kumar et al., 2024). Prior research has demonstrated that rice exhibits a propensity for 
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PTEs at greater concentrations in comparison to other crops (Khanam et al., 2020). In this 

study, Table 19 depicts the health risk assessment (carcinogenic and non-carcinogenic) through 

rice consumption for adults.  

Table 19: Non-carcinogenic risk, Hazards quotients (HQ), and Carcinogenic risk values of rice-

PTEs (without husk-WH, and boiled rice-BR) values on adults of the studied area 

WH-

PTEs 
Adult 

BR-

PTEs 
Adult 

Site 2 
ADIRingesti

on 

HQRingesti

on 

CRRingesti

on 
Site 2 

ADIRingesti

on 

HQRingesti

on 

CRRingesti

on 

Cr 2.78E-04 1.85E-04 1.28E-04 Cr 1.04E-04 6.96E-05 4.89E-05 

Ni 2.15E-04 1.44E-04 1.48E-04 Ni 8.07E-05 5.38E-05 6.14E-05 

Cu 4.66E-04 1.16E-02  Cu 2.17E-06 5.43E-05  

Cd 1.85E-05 1.85E-02 5.85E-06 Cd 8.19E-07 8.19E-04 2.28E-07 

Pb 2.37E-04 5.94E-02 8.56E-06 Pb 1.86E-05 4.65E-03 6.50E-07 

Site 3    Site 3    

Cr 4.16E-05 2.77E-05 1.96E-05 Cr 3.07E-05 2.05E-05 1.45E-05 

Ni 7.68E-05 5.12E-05 6.42E-05 Ni 4.22E-05 2.81E-05 3.66E-05 

Cu 2.10E-04 5.25E-03  Cu 8.33E-07 2.08E-05  

Cd 8.98E-06 8.98E-03 2.92E-06 Cd 3.55E-07 3.55E-04 1.30E-07 

Pb 1.10E-04 2.75E-02 4.06E-06 Pb 8.32E-08 2.08E-03 3.06E-07 

 

The findings indicated that the ADIR values for Cr and Ni in site 2 for WH-rice were 2.78E-05 

and 2.15E-05, respectively, whereas the values for BR-rice were 1.04E-05 and 8.07E-06, 

respectively. The assessment of the non-carcinogenic risk linked to PTEs in rice parts for adults 

revealed that the hazard quotients (HQ) were below 1 for both WH and BR rice. Thus, 

consuming rice in the studied area (site 2 and site 3) was not related to a non-carcinogenic risk 

of toxic PTEs. The elevated levels of soil PTEs may facilitate the transfer of these elements 

into the food chain via the intake of rice (both WH and BR), leading to detrimental effects for 

both animals and humans (Chowdhury et al., 2022). Similarly, Bhatti et al., (2020), Yang et al., 

(2022), and Neisi et al., (2024) obtained comparable findings for rice, wheat, and maize, 

accordingly. Pb and Cd were determined to be related to the highest HQ values for BR rice and 

WH rice. According to Setia et al. (2021) the concentration of Cd and Cr in rice grown in India 

surpassed an HQ value of 1. The findings indicate that consuming rice cultivated in the region 

might lead to non-carcinogenic health hazards. The HQs for Cd, Ni, and Pb in wheat from 

China are 2.81E-02, 3.88E-02, and 2.51E-02, respectively. These PTEs pose a non-

carcinogenic risk for adults (Chen et al., 2020). In this study, the assessment of the cancer-

causing risk posed by PTEs in rice (both WH and BR in site 2) revealed that the CRs for both 

groups were found to be above 1*10–6 in case of Ni and Cr. The agricultural land of this studied 
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area was contaminated by toxic PTEs as a result of mining activities, and the ingestion of rice 

in this region might potentially cause carcinogenic risks to both humans and animals. Similarly, 

Pirsaheb et al. (2021) conducted a study revealing that the region of Iran is unsuitable for rice 

cultivation due to the presence of elevated concentrations of PTEs, which represent a threat to 

food safety. Cd, and Ni are identified as the PTEs that have the greatest risk of causing cancer 

in this region. Likewise, Caicedo-Rivas et al. (2022) and Yang et al. (2022) reported similar 

findings to rice and maize in the Colombian Pacific and China. Hence, the long-term ingestion 

of rice in this chromium-asbestos mine area holds the potential to induce cancer in people in 

the foreseeable future. 

4.1.18 Dietary risk assessment through rank-based approach  

The Swedish National Food Agency has exhibited a new procedure for risk characterization 

termed “Risk Thermometer” (Sand et al., 2015). The average PTEs concentration values of H, 

WH, BR, and ST were taken into account in determining risk factors. The calculations related 

to the 'Severity Adjusted Margin of Exposure' (SAMOE) value of each PTE, as well as their 

risk of class and concern levels, have been shown in Table 20.  

Table 20: Dietary health risk assessment of rice components using SAMOE and SAMOE-TCR  

  Husk 

Rice (Without 

husk) Boiled rice Starch 

PT

Es 

SAM

OE 

SAMOE-

TCR 

SAM

OE 

SAMOE-

TCR 

SAM

OE 

SAMOE-

TCR 

SAM

OE 

SAMOE-

TCR 

Cr 0.001 2.02E-02 0.007 1.06E-02 0.011 4.47E-03 0.010 5.83E-03 

Ni 0.003 5.96E-02 0.007 4.55E-02 0.013 1.38E-02 0.014 1.33E-02 

Cd 0.017 4.25E-04 0.013 6.92E-04 0.277 2.95E-05 0.086 1.10E-04 

Pb 0.019 1.44E-04 0.016 1.96E-04 0.204 1.51E-05 0.103 2.71E-05 

Cu 0.136  0.047  11.522  0.573  

 

Depending on their PTEs concentration, the various rice components exhibited distinct levels 

of risk that ranged from class 3 to class 5, except Cu (class 1) in boiled rice. The findings show 

that rice (WH) and husk (H) (HCrSAMOE: 0.001, HNiSAMOE: 0.003; WHCrSAMOE: 0.007; 

WHNiSAMOE: 0.007) account for significant health risk (Class 5). In case of boiled rice and 

starch, the moderate risk (class 4) was observed for Cr and Ni. When compared to rice (WH), 

the SAMOE value of each PTE for the boiling rice showed a precise declining trend. Rice parts 

all demonstrated a moderate to low risk for Pb, Cu, and Cd, as shown in Fig. 33. According to 

Banerjee et al. (2023), substantial quantities of Cr and Ni have been found in both the rice and 

the soil, suggesting that consuming rice poses health hazards to populations that reside near 
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chromium-asbestos mines. Similarly, the SAMOE-TCR value of different rice portions was 

significantly higher for [H: Cr (2.02E-02), Ni (5.96E-02); WH: Cr (1.06E-02), Ni (4.55E-02); 

BR: Cr (4.47E-03), Ni (1.38E-02); and ST: Cr (5.83E-03), Ni (1.33E-02)] than the tolerable 

limit of 10-4, with the exception of Cd and Pb. From this experiment, ingesting rice may not be 

safe (causing cancer risk) for humans, and long-term intake of this cooked rice, starch may 

result in poisoning with Cr, Ni, Pb, and Cd in the future. 

 

Fig. 33: Risk thermometer scale illustrates the risk of PTEs (Cr, Ni, Cd, Pb, and Cu) in rice 

(husk, without husk, boiling rice, starch) produced on Chromium-asbestos mine waste polluted 

soil 

 

Simultaneously, the Fuzzy-TOPSIS multi-criteria decision-making (MCDM) approach was 

utilized in order to discover the best possible alternatives (PTEs), considering the PTEs 

concentrations found in rice portions (husk, without husk, boiled rice and starch). For the 

purpose of this experiment, the alternatives "A = Cr, Ni, Cd, Pb, Cu" were evaluated based on 

the criteria "Husk, without husk rice, boiled rice, starch." The ideal best and ideal worst values 

were shown in Table 21, and the criteria weights of the estimated concentration of PTEs from 

rice portions were calculated through the entropy technique as follows: [site 2: 0.163, 0.149, 

0.424, 0.262; and site 3: Wj = 0.202, 0.214, 0.415, 0.167], respectively. From Table 21, the 
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order of PTEs accumulation in rice parts was observed in site 2 (Cr > Ni > Cu > Pb > Cd) and 

in site 3 (Ni > Cr > Cu > Pb > Cd).   

Table 21: Overall performance score values and rank (Fuzzy-TOPSIS) of different PTEs 

contribution to rice  

 Site 2 Site 3 

PTEs Si+ Si- Pi Rank Si+ Si- Pi Rank 

Cr 0.113 0.401 0.780 1 0.227 0.254 0.528 2 

Ni 0.174 0.282 0.619 2 0.162 0.356 0.687 1 

Cd 0.410 0.104 0.203 5 0.389 0.146 0.273 5 

Pb 0.334 0.102 0.234 4 0.292 0.155 0.346 4 

Cu 0.372 0.130 0.259 3 0.334 0.208 0.384 3 

 

Based on the ranking of the performance scores (Pi), Cr (0.78) and Ni (0.61) were found to be 

the primary contributors to the health risk in the rice portions found in site 2. Our results were 

in line with Saif-Ud-Din et al. (2022), who assessed risk based on the accumulation of PTEs in 

various food sources. 

4.1.19 PTEs Influence on protein and amylose content of rice sample (without husk) 

In site 2, the agricultural land was severely contaminated with toxic PTEs due to the deposition 

of chromium mine tailings. Hence, the rice grain (WH) from the contaminated site accumulates 

a considerable level of toxic PTEs. Generally, protein supplies nutrients (amino acids), while 

amylose regulates whether cooked rice will be sticky or firm (Nakamura et al., 2016). The rice 

sample mainly grown in site 2 (proteinmean: 1.76; amylosemean: 12.13) region showed 

significantly (pprotein: 0.006, pamylose: 0.002) lower content of protein and amylose as compared 

with site 3 (proteinmean: 5.31; amylosemean: 26.72). The protein and amylose content of rice 

(without husk) in site 2 was decreased by 66.91% and 54.61% compared to site 3. A significant 

negative correlation (>0.89) was observed between PTEs concentration in rice (without husk), 

and the protein, amylose content. Therefore, a rise in the concentration of PTEs in rice parts 

would cause a reduction in protein and amylose content, which would have an adverse effect 

on the nutritional quality and taste of cooked rice. 

4.1.20 Model based prediction of health risk from PTEs (soil-rice system) 

4.1.20.1 Health risk evaluation from leachable PTEs via different ML approaches 

Likewise, machine learning (ML) was an excellent strategy that has evolved as a useful tool 

for predicting soil leachable-PTEs pollution employing basic correlations within data sets 

(Sengupta et al., 2021). To predict the dynamics of leachable-PTEs and their accumulation in 
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the soil-rice system, out of seven ML approaches, the best-fit model for each leachable-PTE 

has been determined on the basis of its reliability tests and Taylor diagram Fig. 34.  

 

Fig. 34: Taylor diagram comparing model accuracy based on RMSE, and r of different 

leachable-PTEs. linear regression (LR), multivariate adaptive regression spline (MARS), 

support vector machine regression (SVM), random forest (RF), K nearest neighbour (KNN), 

extreme gradient boosting (XGB), and regression tree (RTtree) 

 

The outcome demonstrates that most PTEs have forecasts that they were comparable to training 

and testing data. The valuable prediction of the PTEs leachability related to the toxicity and 

accumulation of PTEs in the soil-rice system was found in the current investigation through 

the use of multiple regression models. Thus, during the training phase, RMSE was calculated 

from observed and forecasted values and used to evaluate the models' performance. The 

measurement of the centered RMS error was displayed as the distance from the observed (real 

observation). The model with a lower RMSE was more accurate. Using the Taylor diagram for 

each PTE, various ML algorithms have also been evaluated for validity and accuracy. A Taylor 

diagram was a visual representation of the parameters SD, r, and RMSE. In close proximity to 

the observed line, this identifies the best-fit model (Fig. 34). The findings demonstrated that 

the RF was the most accurate model (RMSETCLP-Cr: 1.21 and RMSETCLP-Ni: 1.40 respectively) 

for contribution assessment of TCLP-Cr, TCLP-Ni on different parts of rice-PTEs content (H, 
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WH, BR, and ST). This was followed by the LR, GBM, MARS, SVM, KNN, and Rtree with 

their respective RMSE values in-case of TCLP-Cr. In-case of TCLP-Cu, KNN was the best-fit 

model for determining PTEs toxicity in rice parts (Table 22).  

Table 22: RMSE and r values of different machine learning models 

  Cr Ni Cd Pb Cu 

  RMSE r RMSE r RMSE r RMSE R RMSE R 

LR 2.320 0.996 2.656 0.922 0.00013 0.989 0.564 0.861 0.297 0.840 

MARS 4.039 0.992 3.534 0.902 0.00010 0.989 0.390 0.908 0.525 0.720 

SVM 5.648 0.989 2.134 0.938 0.00012 0.989 0.576 0.860 0.275 0.854 

XGB 2.644 0.995 3.758 0.891 0.00020 0.989 0.107 0.975 0.635 0.692 

RF 1.486 0.997 1.968 0.940 0.00012 0.983 0.140 0.967 0.318 0.830 

KNN 6.838 0.987 2.700 0.917 0.00021 0.961 0.282 0.933 0.270 0.854 

Rtree 10.446 0.980 6.280 0.793 0.00086 0.856 0.921 0.760 0.628 0.652 

 

GBM accurately predicted PTEs (TCLP-Pb) toxicity on rice sections. For TCLP-Cd, MARS 

was the most suitable model, followed by SVM > RF > LR > GBM > KNN > Rtree. Among 

all the PTEs, the Rtree regressor exhibited the least desirable performance. In the chromium 

mining area, ML algorithms indicate that accumulation of PTEs in rice might be influenced by 

leachable-PTEs and long-term consumption of this rice would have a detrimental effect on the 

health of well-beings. The implications of these predictions for soil and crop management are 

significant, as the mobility and bioavailability of PTEs play a crucial role in the quality and 

safety of rice. The insights from these predictions inform agricultural practices, such as 

choosing rice cultivars that accumulate lower levels of PTEs, adjusting fertilization practices, 

and employing land management strategies like crop rotation. From a food safety standpoint, 

machine learning insights help address the potential health risks linked to high levels of PTE 

accumulation in rice. 

4.1.20.2 Bio-accessible PTEs contribution on rice portion based on ANN model  

In this study, ANN was also utilized to assess the suitable health risk caused by the bio-

accessible-PTEs phases in this chromium mining region and provide a clearer picture of the 

imminent risk from different PTEs in various rice parts. By contrasting the actual and predicted 

levels of bio accessible-PTEs concentration in different parts of rice, the accuracy of the ANN 

model was evaluated. Fig. 35 depicts the percentage contribution of each PTEs in various rice 

parts. The order of contribution pattern was CrH > CrBR > NiBR > CrWH > CdST > CdWH 

> CrST > CuST > CuWH > CuBR > PbWH > PbBR > NiST > NiH > PbST > CuH > CdH > 

NiWH > CdBR > PbH. From this model, we observed that in-case of husk and boiled rice, Cr 
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was the foremost important factor towards the contribution of health risk. Long-term 

consumption of husk by animals and boiled rice by humans might cause health risks according 

to the ANN model prediction, as Cr was a highly carcinogenic substance. Also in Fig. 6, it was 

revealed that Cr from the I phase and Ni from the S-phase were the maximum contributors of 

PTEs concentration in different portions of rice. This finding was consistent with a prior study 

by Cho et al. (2011), which found that ANN performed better in predicting PTEs 

contamination. According to our findings, all of the aforementioned models (SAMOE, Fuzzy-

TOPSIS, and ANN) suggest that consuming rice produced from chromium mine area poses an 

unacceptable risk to both human and animal health. 

 

Fig. 35: ANN model showed the contribution of bio-accessible PTEs on rice parts 

 

4.1.21 Survey- based risk evaluation based the on Fuzzy-DEMATEL approach 

The finding of the survey work was considered for analysis of the potential health risks posed 

by villagers of the chromium-asbestos mine area. From the questionaries, seven criteria's direct 

and indirect effects were shown in Table 23. The average of the elements in matrix T was used 

to determine the threshold value, which was 1.8953. According to the Table 23, the seven 

criteria's relevance can be ranked in order of priority as E>C>D>F>G>A>B based on (ri + ci) 

values, with ingestion of starch-rice (E) ranking as the most important criterion with a value of 

28.70 and child population (B) ranking as the least important criterion with a value of 24.10. 

In accordance with (ri-ci) values, (A) adult population, (C) body weight of the population, (D) 

consumption rate of cooked rice, and (F) exposure time on the mining site were net causes, 

whereas (B) child population, (E) ingestion of starch-rice, and (G) disease symptoms/sickness 

occur on the population were net recipients. In particular, Table 23. demonstrates that criterion 
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B (child populations) was not impacted by the others but affected by C (body weight of the 

population), E (ingestion of starch-rice), and F (exposure time on the mining site).  Any pair of 

criteria B, C, D, E, F was mutually impacted by each other as shown in the digraph (Fig. 36).  

 

Fig. 36: The digraph illustrates the causal relationships between these seven criteria 

(DEMATEL approach). 

In a nutshell, the authorities in charge of environmental protection ought to focus more of their 

attention on the four causes (A, C, D, and F) rather than the receiver (B, E, and G). The 

consumption of starch-rice and cooked rice, over an extended period of time, sourced from 

mining sites, was associated with substantial health risks for both adults and children. 

Table 23: Depicts the direct and indirect effects of seven criteria (DEMATEL approach) 

 Criteria ri ci ri + ci ri - ci 

A Adult population 13.08 11.98 25.06 1.10 

B Child population 11.56 12.55 24.11 -0.99 

C Body weight of the population 14.22 14.04 28.26 0.17 

D Consumption rate of cooked rice 13.92 13.72 27.64 0.20 

E Ingestion of starch-rice 14.09 14.62 28.71 -0.53 

F Exposure duration on the mining site 13.49 13.10 26.58 0.39 

G Disease symptoms/sickness occurs on population 12.52 12.87 25.39 -0.34 
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4.1.22 Source allocation of alkalinity employing PMF-factor geospatial distribution model 

The PMF model, a systematic approach to investigate and ascertain the origins of alkalinity in 

this area. With the purpose of validating the findings of source apportionment, the contributions 

of factors in the PMF model were examined by calculating Pearson correlation coefficients 

(Fig. 37). The residual matrix was constructed using the minimum objective function (Q), 

resulting in the identification of four factors in the PMF model (Hsu et al., 2017).  

 

Fig. 37: Distribution of soil alkalinity constituents originating from chromium-asbestos mining 

waste in the contaminated soils at the study site. (a) The PMF analysis determines the 

percentage contribution of each factor. (b) The PMF model generates factor profiles for 

alkalinity constituents in Chromium-asbestos mining waste soils. (c) The PMF model 

combined with Pearson correlation analysis to identify correlations between soil alkalinity 

components 

Fig. 38. illustrates the correspondence between the predicted and observed values with the 

signal-to-noise ratio. The PMF model was run 20 times to determine the least Q value. The 

findings of this study indicate that Factor 1 primarily contributed to the presence of HCO3 

(100%), CO3 (9.5%), and Na (6.7%). Factor 2 had a strong association with K (18.7%) and Mg 
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(100%). Factor 3 was characterized by high loadings of Na (93.3%), K (81.3%), and CO3 

(36.6%). Lastly, Factor 4 was predominantly influenced by Ca (100%) and CO3 (53.9%) (Fig. 

39 a b). 

 

Fig. 38: Percentage contribution of soil alkalinity constituents in chromium-asbestos mine 

waste contaminated soils of the study location through positive matrix factorization model 

(PMF) 

 

Factor 1 exhibited a dominant influence on the observed variation, accounting for a cumulative 

total of 19%. This factor was primarily characterized by the presence of HCO3, CO3, and Na. 

Factor 1 (mainly the northern portion) mostly pertains to the soil core material derived from 

lithogenic sources (basically rocks: dolomite, limestone, igneous rocks, and mines) as observed 

through the factor-GIS model (Fig. 39a). The weathering of rocks and mining waste can be the 

sources of HCO3, CO3, and Na. Factor 2 (traffic), which mostly consisted of K and Mg, 

accounted for a cumulative variance of 20%. Village areas and highways near mining sites 

were the geographic centre (mainly the southern portion) in terms of spatial distribution (Fig. 

39b). Mainly, transportation, the combustion of vehicle fuel, batteries, tires, fuel additives, and 

engine wear were identified as the primary sources of K and Mg. Our research findings were 

consistent with previous research (Jiang et al., 2021; Huang et al., 2022). Nevertheless, the 

impact of lithogenic and transportation sources was rather least significant, particularly in 
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comparison to anthropogenic activities. Effective management of mining operations can play 

a crucial role in safeguarding the environment, in conjunction with appropriate agricultural 

practices. In relation to the overall contribution, factor 3 (mining industrial activities), 

accounted for 35% (north portion), while factor 4 (agricultural activities), accounted for 26% 

(southwestern portion) as depicted in (Fig. 39c, d). The mining sector engages in the extraction 

of significant quantities of mine waste, which serves as a valuable source of Na, K, and CO3. 

Disposal of this mine waste in close proximity to agricultural fields leads to an elevation in 

alkalinity (Ghosh et al., 2023a). While, the agricultural activities predominate in the area 

surrounding the chromium-asbestos mine, with rainfed rice being the main crop. The increase 

in Ca and CO3 content can be attributed to the use of different fertilizers, lime applications, and 

pesticide usage (Ozyhar et al., 2022). The findings of the PMF model reveal a significant 

influence of factor 3 on soil alkalinity. The mining industrial activities have been historically 

prevalent, with the dumping waste site serving as the primary repository for soil alkalinity.  

 

Fig. 39: A depiction of the spatial arrangement of factors (a–d) obtained from the PMF model 
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4.1.23 Pattern distribution of soil alkalinity indices and bioavailable PTEs 

The SOM network analysis was used to investigate and contrast the patterns of various 

bioavailable PTEs and different alkalinity indices of chromium-asbestos mine sites. Fig. 40 

illustrates the component plane results accompanied by the representation of each individual 

variable. Color-ranked plots were employed to visually depict the strong correlation among 

sample characteristics, as indicated by their placement within smaller hexagonal spaces. 

Notably, as the distance between each hexagon expands, the distinctions between the sample 

characteristics become increasingly evident (Nakagawa et al., 2020). The weight vectors of 

each neuron and its neighboring neurons collectively constitute a U-matrix (unified distance 

matrix). Components that share the same color in a component plane suggest a positive 

correlation between variables, whereas distinct colors imply a negative correlation (Ghosh et 

al., 2023a).  

Fig. 40 (a-k) denotes all of the bioavailable PTEs and alkalinity indices have a similar pattern 

of mapping. In each of these cases except Cu (upper left), shows a greater correlation value 

from the left lower to upper left region (Fig. 4e). Similarly in the upper left neurons, all of the 

alkalinity parameters had greater values except MH (lower left). For site 1 neurons are more 

prominent in the upper left and lower left to right quadrant, whereas site 2 neurons are more 

prominent in the upper center to upper left quadrant (Fig. 4l, m). Subsequently, the self-

organizing map (SOM) algorithm was employed to generate a clustered U-matrix, as depicted 

in Fig. 4n. The distribution of neurons was primarily concentrated in sites 1, and 2, housing 7, 

and 13 neurons accordingly. Intriguingly, the correlation between bioavailable PTEs and 

alkalinity parameters was highly comparable, providing clear evidence of their availability and 

mobility in soil. 
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Fig. 40: Allocation of each PTEs and alkalinity indices in Chromium-asbestos mine waste 

contaminated soils via self-organizing map (SOM); (b) Site-wise PTEs concentration 

distribution maps; (c) Clustering of U-matrix denotes the two sampling locations 
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4.1.24 Different indices of alkalinity and its pattern identification by GIS 

Table 8 demonstrates several indices of alkalinity (SAR, ESP, ECR, CROSS, MCAR, and MH). 

In our study area, the SAR, and ESP values exhibited a relatively low magnitude within both 

sites, which can be attributed to the low levels of exchangeable Na content. However, the 

aforementioned indexes did not take into account the influence of exchangeable K in soil, 

despite the fact that K has been found to have a comparable impact on clay dispersion as Na. 

Conversely, an elevated concentration of Mg can lead to structural degradation and an increased 

dispersion of clay particles. The present study revealed that the concentration of exchangeable 

K was relatively higher than that of exchangeable Na. This finding implies that the presence of 

K, in conjunction with Ca and Mg, has a notable impact on the occurrence of alkalinity in this 

region. The main significant indices, including ECR, MCAR, and CROSS, which encompass 

the comprehensive impact of Na, K, Ca, and Mg on soil, indicate that the values of ECR, 

MCAR, and CROSS were higher in site 2 than in site 3. Since K, Ca and Mg levels were quite 

high, the CROSS index was more accurate in predicting soil behavior than ECR, and MCAR. 

According to the findings of (Rengasamy et al., 1986), the increased dispersion of clay in soil 

with high levels of magnesium can be attributed to the radius and hydration energy of 

magnesium ions in comparison to calcium ions. The MH index exhibited a significant increase 

in site 2, reaching a value of 74.09%. The majority of soil samples obtained from site 2 were 

classified as being in a hazardous category. The alkalinity indicators exhibited greater values 

in site 2 in comparison to site 3. The above findings were further corroborated by the GIS 

mapping. The findings reveal that the spatial pattern of these indices (SAR and ESP), wherein 

the map exhibited a considerably lower contribution of these indices due to might less 

availability of Na, as depicted in the Fig. 41. In-case of MCAR, ECR, and CROSS, it was 

observed that the south-western site exhibited a significant elevation of alkalinity. Conversely, 

for MH, the northern region had a substantial elevation of alkalinity (mainly for Mg), since 

these locations were mostly used for the disposal of toxic mining waste. The aforementioned 

indices collectively indicate that the huge abundance of alkalinity levels in soil contaminated 

with chromium waste (site 2) was elevated, which might have posed hazardous stress effects 

on the soil microbial diversity. This observation was consistent with previous reports (Tripathi 

et al., 2007; Boyrahmadi and Raiesi 2018; Gao et al., 2019). 



135 

 

 

Fig. 41: The geostatistical map denotes the distribution pattern of alkalinity indices surround 

the chromium-asbestos mining area 
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4.1.25 Microbial and enzymatic activities of soil and their geospatial footprints 

The microbial and enzymatic activities were represented in Fig. 42. The level of MBC in soil 

contaminated by a chromium-asbestos mine waste (site 2: range 173.12-417.66 mg/kg) 

exhibited a substantial decrease (p = 0.0008) when compared to uncontaminated soil (site 3: 

range 420.78-603.96 mg/kg). The coexistence of two stressors, (PTEs, and alkalinity) in site 2 

results in a decrease in the synthesis of total soil microbial biomass. The presence of microbial 

biomass carbon within organic matter was crucial, as any impediment to MBC can have 

significant implications for nutrient cycling and the availability of minerals for plant growth 

(Tang et al., 2019; Ghosh et al., 2023b). However, MBC can also function as an indicator of 

soil quality, providing an early and effective warning of soil deterioration caused by the 

presence of both PTEs and alkalinity (Bhattacharyya et al., 2008). Concurrently, the assessment 

of microbial respiration basically, the levels of BSR and SIR level in site 2 (BSRmean: 2.07 

mg CO2/g soil/h at 22℃; SIRmean 7.17 mg CO2/g soil/h at 22℃) exhibited a significant (pBSR 

= 0.006; pSIR = 0.001) decline as compared to site 3. Microbial respiration, which serves as a 

key indicator of environmental stress, can be employed to identify microbial communities that 

are metabolically either active or dormant (Dilly, 2005). Moreover, under stressful situations, 

microbial respiration acts as a reliable predictor of soil microbial response to disturbance 

(Tripathy et al., 2014). The activity of the FDA (fluorescein diacetate) was seen to be 

significantly (p = 0.009) decreased in soil that was contaminated (site 2: mean 11.75 mg 

fluorescein/g soil/h), suggesting that the microbial cells might be unable to generate fluorescein 

in the presence of stress-inducing conditions caused by elevated levels of toxic mine waste 

inside the soil. The enzymes like dehydrogenase (DHG), β-glucosidase (BG), urease (U), and 

alkaline phosphatase (AP) activities were significantly varied between the two sites of the 

chromium-asbestos mine site, represented in Fig. 42.  
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Fig. 42: Violin plots illustrating distinctions in soil microbial and enzymatic activities between 

two separate zones (Contaminated: Site 2 and Uncontaminated: Site 3) 

The enzyme activities in site 2 were reduced as compared with site 3. This result indicated that 

the presence of sulfhydryl groups in the enzyme catalytic site plays a crucial role by interacting 

with PTEs and forming PTEs-sulfide complexes. Therefore, it might have the ability to render 

enzyme activity or cause enzyme denaturation (Tripathy et al., 2014). Similarly, a GIS map 

demonstrated that the microbial and enzymatic activity was reduced in the northwest to 
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southwest, with these regions primarily being identified as dumping site of toxic mine waste 

(Fig. 43).  

 

Fig. 43: The spatial distribution of microbial and enzymatic parameters around the chromium-

asbestos mining region 
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PTEs were extremely abundant in these contaminated regions (site 2) due to the deposition of 

toxic mining waste, which might interact with microbial activity and disrupt it compared to site 

3 (uncontaminated site). Hence, microbes are believed to be the gatekeeper of enzymatic 

regulation, so they have the ability to respond to any changes in the environment and provide 

minute information on enzyme catalytic mechanisms associated with biological systems 

(Bhattacharyya et al., 2008).  

4.1.26 Microbial metabolism limitation assay via vector analysis 

The vector length and angle were determined by integrating the activities of enzymes involved 

in carbon (C), nitrogen (N), and phosphorus (P) cycle (Table 24).  

Table 24:  Enzymatic stoichiometry relative proportion and 

their variation in vector angle, length under stressed 

condition 

Metric 

Site 1  

(Mean ± SD) 

Site 2  

(Mean ± SD) 

BG/BG+AP 
0.09 ± 0.006 0.06 ± 0.003 

BG/BG+U 
0.5 ± 0.02 0.31 ± 0.01 

ln (AP) 
4.82 ± 0.52 6.15 ± 0.72 

ln (U) 
2.52 ± 0.19 4.21 ± 0.38 

ln (BG) 
2.53 ± 0.13 3.42 ± 0.26 

Length 
0.51 ± 0.04 0.32 ± 0.02 

Angle 
79.23 ± 6.43 78.89 ± 6.91 

Individual enzyme activity in soil samples from site 2 was lower than that from site 3 (Fig. 1). 

The length of the vector was greater in site 2 (0.51) in comparison to site 3 (0.32) suggesting 

that there was a significant limitation on C availability, resulting in a higher proportion of 

carbon acquisition compared to nutrient acquisition. Soil samples with lower vector lengths 

indicate lower C limitation (Sinsabaugh et al., 2008). Similarly, sites 2 (79.23⸰) and 3 (78.89⸰) 

had vector angles above 45⸰, indicating a stronger P limitation and the lowest values for 

BG/(BG + AP) for both sites. Environmental variables include PTEs content and soil alkalinity, 

while the species variables consist of microbial enzymes, vector length, and vector angle. 

Similar research (Lagomarsino et al., 2011) revealed that under stressful conditions, there was 

a significant decrease in microbial population.  
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4.1.27 Microbial community analysis  

4.1.27.1 Bacterial community composition 

Bacterial taxonomic classification was conducted on the PTEs-contaminated (site 2) and 

uncontaminated sites (site 3) of the chromium-asbestos mine, utilizing operational taxonomic 

units (OTUs) and reads. The raw reads generated in this project have been deposited in the 

NCBI Short Read Archive (SRA) database (Accession number: PRJNA1083037). The 

distribution of bacterial phylum in site 2 (24,752 reads) and site 3 (52,352 reads) was evaluated, 

revealing that both types of soil were predominantly populated by Proteobacteria. 

Additionally, Actinobacteria, Acidobacteria, Bacteroides, Firmicutes, Chloroflexi, and other 

phyla were present, although their relative abundance differed between the two sites. The 

abundance of Proteobacteria in the contaminated soils (site 2) was significant, comprising 

57.18% of the total population. Furthermore, among the Proteobacteria phyla, the 

contaminated soil exhibited a larger proportion of γ-Proteobacteria (38.61%) and α-

Proteobacteria (8.93%) classes compared to the uncontaminated sites (site 3) (Fig. 44). The 

abundance of the β and δ Proteobacterial phyla was also found to be higher in both alkaline 

environments and regions polluted with PTEs (site 2). These findings were corroborated by 

several studies (Valenzuela-Encinas et al., 2009; Keshri et al., 2013). Therefore, the 

Proteobacteria phylum is well known for its capacity to demonstrate the complexity of habitats 

and effectively degrade a wide range of complex organic compounds, allowing it to adapt to 

diverse stressful conditions (Pereira et al., 2014). Numerous reports were available of 

Proteobacteria phyla that are prevalent in various mining areas (Desai et al., 2009; Halter et 

al., 2011; Narendrula-kotha and Nkongolo, 2017) and that have been found in both PTE-

contaminated and alkaline environments (Mwirichia et al., 2011; Nielsen et al., 2014; Yan et 

al., 2016). The prevalence of Proteobacteria showed an increase with higher levels of Pb, Cr, 

Cd, and Ni pollution, in contrast to Actinobacteria, Acidobacteria,and Firmicutes in site 2 (Fig. 

44).  
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Fig. 44: Graphs illustrating the relative abundance of bacterial community. (a) Distribution 

percentage of bacterial phyla (b) Distribution percentage of bacterial class (c) Distribution 

percentage of bacterial genera through metagenomics analysis  

 

The increase in abundance might be attributed to the capacity of Proteobacteria to acclimate 

to high concentrations of PTEs environment. Previous research has also shown evidence that 

PTEs reduce microbial diversity by promoting the growth of Proteobacteria and suppressing 

the abundance of Acidobacteria and Actinobacteria in polluted areas (Gołębiewski et al., 

2014). Also, other reports suggested that Proteobacteria was more prevalent than Firmicutes 

in the alkaline environments (Qinghai, China), and (Elmenteita, Kenya) (Dong et al., 2006; 

Mwirichia et al., 2011). Site 2 shows contamination resulting from prolonged exposure to lethal 

levels of Cr and Ni, as well as other bioavailable forms of other PTEs that are poisonous. 

Additionally, this site displayed a high concentration of Ca and Mg. A decline in both overall 

diversity and phylogenetic diversity was detected might be due to the presence of high level of 

PTEs and alkalinity, indicating that numerous bacterial species were unable to persist (Keshri 

et al., 2013; Narendrula-kotha and Nkongolo, 2017). A notable transition in the bacterial 

population at the phylum level from contaminated sites to the control site implies that these 

particular bacterial phyla may possess a high degree of tolerance towards PTEs and alkalinity 

environment (Mwirichia et al., 2011; Nielsen et al., 2014). Research has further indicated that 
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the majority of Proteobacteria were classified as nitrogen-fixing and photosynthetic bacteria. 

These bacteria were crucial for the carbon and nitrogen cycles, as well as for preserving the 

overall stability of the ecosystem (Nordlund et al., 2004; Li et al., 2021). It was also well known 

that the majority of the pure-culture isolates that are capable of converting or resistant to Cr or 

other PTEs (Ni, Pb, Cd, and Cu) belong to the bacterial phyla Proteobacteria, Actinobacteria, 

and Firmicutes (Ozyhar et al., 2022). Previous research has indicated that chronic exposure to 

PTEs contamination and soil alkalinity was likely to have detrimental impacts on the structure 

and, eventually, the functioning of the community, leading to a loss of species (Chodak et al., 

2013). The abundance of Acidobacteria, Firmicutes, Actinobacteria, and other bacterial phyla 

exhibited variations throughout the soil systems. There was a notable (p <0.05) disparity in the 

prevalence of Acidobacteria between the contaminated (7.12%) and uncontaminated (2.01%) 

soil systems (Fig. 44). This discrepancy can be attributed to the slightly higher acidity seen in 

the site 2. Paul et al. (2016) also established the adaptation of Acidobacteria in PTEs-polluted 

environments. The decline in Acidobacteria population in uncontaminated soils can perhaps be 

attributed to the elevated pH levels, rather than the presence of PTEs. It was widely recognized 

that pH exerts significant control over the quantity and variety of Acidobacteria. The bacterial 

diversity analysis also revealed a significant decrease (p<0.01) in the actinobacterial population 

within site 2 (6.71%) in comparison to site 3 (16.08%). Actinobacteria, which was highly 

prevalent in soil ecosystems, exhibits a reduction in abundance within PTEs and alkalinity-

stressed habitats. The findings of our study are consistent with the literature that 

Actinobacteria, experience a decrease in population within PTEs-contaminated site 

(Gołębiewski et al., 2014; Chodak et al., 2015). The phylum Actinobacteria exhibited a notable 

rise in an uncontaminated environment, likely attributed to the existence of low levels of 

bioavailable PTEs. This phylum serves a vital role in managing different stressors owing to its 

strong metabolic activities and rapid colonization capabilities (Valverde et al., 2012; 

Narendrula-kotha and Nkongolo, 2017). On the other hand, the population of Firmicutes 

showed a significant difference between the two soil conditions, with 14.87% in the 

contaminated site and 18.45% in the uncontaminated site. Phylum Firmicutes exhibit resistance 

to drought and possess the ability to thrive in harsh conditions (Chodak et al., 2015). Therefore, 

the presence of Firmicutes in our research area may be attributed to the arid climate of the 

region under study and the ability of Firmicutes to withstand dry conditions, alkaline stress and 

PTEs toxicity, as shown in previous research (Navarro-Noya et al., 2010; Lopez-Lopez et al. 

2010; Gołębiewski et al., 2014). Specifically, Bacteroides accounted for 4.31% of the 

population in the contaminated site and 11.83% in the uncontaminated site, while Chloroflexi 
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accounted for 1.13% in the contaminated site. The phylum Bacteroidetes has been noted to be 

extremely diverse and has been observed in stressful environments (such as PTEs and alkaline 

stress) and agricultural lands (Gołębiewski et al., 2014; Ma et al., 2015). According to 

Kirchman (2002) and Keshri et al. (2013), they are often typically lithotrophic or aerobic 

chemoorganotrophic and have a variety of metabolic capacities that allow them to break down 

a wide range of organic molecules under extreme condition like alkaline stress and PTEs stress. 

Most organisms in the Chloroflexi phylum were uncultured, despite their capability to inhabit 

many harsh habitats, including PTEs-contaminated and alkalinity-affected soils (Pereira et al., 

2014; Tebo et al., 2015; Choure et al., 2021). The phyla Firmicutes, Bacteroides and 

Chloroflexi have been observed to possess PTEs tolerance (Cu, Cd, Pb) abilities, making them 

more prevalent in contaminated populations (Zhang et al., 2017; Pai et al., 2018). The other 

phyla Planctomycetes, Armatimonadetes, Cyanobacteria, Gemmatimonadetes, 

Verrucomicrobia, Ignavibacteriae, Fusobacteria, and Nitrospirae were found to be infrequent, 

accounting for less than 2% of all recognized phyla worldwide. The Planctomycetes exhibited 

a decreased relative abundance of taxa in the Ca-high environment (García-Galdeano et al., 

2021). Also, the presence of Gemmatimonadetes in polluted areas has been shown in the 

literature (Navarro-Noya et al., 2010; Pereira et al., 2014). Since submerged rice farming is 

performed in these areas, the accumulation of mine tailings in agricultural fields might have 

led to increased microaerophilic conditions, which may have contributed to the presence of 

Verrucomicrobia phyla. Several studies have documented a prevalence of Verrucomicrobia in 

soil samples (Fierer et al., 2013). 

At the taxonomic level of genus, the two sites exhibited significant variation in populations of 

various bacterial genera including Pseudomonas, Aeromonas, Serratia, Bacillus, Unclassified 

Enterobacteriaceae, Prevotella, Bifidobacterium, Staphylococcus, Gemmatiomonas, 

Geobacter, Unclassified Clostridiales, Nitrospira, Candidatus Solibacter, Candidatus 

Koribacter, Luteitalea and Unclassified Acidobacteriaceae. The abundance of the 

Pseudomonas genus was significantly higher in site 2 compared to site 3. The existence of an 

abundance of Pseudomonas genus from the Proteobacteria phylum in these soils suggests that 

it has a high resistance to pollution from Cr, Cd, Pb, and Ni. This resistance has been well-

documented in studies conducted by Kaur et al. (2015). Pseudomonas has genes that encode 

enzymes responsible for PTEs resistance (Li et al., 2015). Gemmatiomonas has been observed 

in several habitats exhibiting a slightly alkaline pH (Pereira et al., 2014), which might explain 

the prevalence of Gemmatiomonas in these soils. The genus Geobacter had a high prevalence 
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in these research sites, suggesting that it is resistant to high concentrations of Cd, Pb, and Cr. 

Therefore, a significant presence of Geobacter has been documented in soils contaminated with 

PTEs (Gołębiewski et al., 2014). The abundance of Luteitalea (2.07%), Unclassified 

Acidobacteriaceae (1.18%), Candidatus Solibacter (1.20%), and Candidatus Koribacter 

(1.95%) was found to be much greater in the PTEs contaminated soils, indicating a notable 

presence of these acidobacterial species in the predominantly acidic soil, While certain genera, 

such Clostridium, Lactobacillus, and Acinetobacter, were exclusively identified in soil that had 

been polluted (mining activity) with PTEs (mostly with high levels of Cr pollution), indicating 

that they were naturally resistant to this substance. The abundance of Serratia (5.5%), well-

known for its capacity to produce strong plant growth-promoting rhizobacteria (PGPRs) that 

can enhance tolerance to PTEs stress, was seen to be markedly increased in the soils site 2 

compared to site 3. The presence of Nitrospira, an aerobic chemolithoautotrophic nitrite-

oxidizing bacteria that plays a vital part in nitrification, may suggest nitrification in alkaline 

soil (Feng et al., 2018). The involvement of Bacillus and Lactobacillus in chromate 

detoxification has been investigated by Xu et al. (2015) and Mishra et al. (2012). Another study 

conducted by Kang et al. (2014), the researchers assessed the capacity of Pseudomonas 

aeruginosa to reduce chromium (Cr). The ion transport mechanism involves the use of a 

transporter protein (ChrA), derived from the bacterium Pseudomonas aeruginosa. This protein 

has been observed to facilitate the efflux of cytoplasmic chromate (Alvarez et al., 1999). 

4.1.27.2 Bacterial species richness and diversity indices 

The α-diversity (species richness and/ or evenness) within a microbial population displayed 

variation across the two sites represented in Fig. 45. The estimation of bacterial community 

richness was performed by rarefying the OTUs table. The rarefaction curves were utilized to 

assess the species richness and evenness of the samples by a comparison of OTUs and the 

number of sequences per sample (Fig. 45b). The α-diversity index (Shannon, Simpson, Fischer, 

and Chao1) exhibited a decrease in site 2 compared to site 3 (Fig. 45c). The Whittaker's beta 

diversity coefficient was calculated to be 0.15828, suggesting a low level of dissimilarity in 

species composition across the two sites. The beta diversity index is a numerical measure that 

varies from 0 to 1. A value of 0 signifies a minimal or negligible dissimilarity in the species 

composition across various sites, while a value of 1 represents the highest possible dissimilarity 

in composition. From metagenomics analysis, out of the total (447 OTUs), 406 OTUs were 

detected in site 2 (contaminated site) and 384 OTUs were found in site 3 (uncontaminated site). 
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According to the Venn diagram, only 14.1% (63 OTUs) in site 2 and 9.17% (41 OTUs) in site 

3 were unique to each location, supporting the beta diversity (Fig. 45a).  

 

Fig. 45: Venn diagram illustrating the dispersion of Operational Taxonomic Units (OTUs) b) 

The rarefaction curve investigates the alpha diversity. c) The synergistic impact of PTEs 

pollution, and alkalinity indices, on the evenness metrics of soil microbial community 

 

There was a notable (p <0.05) negative relationship among bioavailable PTEs, alkalinity 

indices and all alpha diversity indicators. These findings suggest that the synergistic effect of 

various PTEs (Cr, Ni, Cd, Cu, and Pb) and alkaline indices (mainly CROSS, ECR, MCAR and 

MH) in soil have a detrimental impact on the microbial population within the community. 

These results support the hypothesis of a synergistic stress effect of alkalinity and PTEs on the 

microflora (Fig. 45c). 
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4.1.28 Evaluation of microbial community responses towards soil stressors using model 

Assessing the combined effects of PTEs and alkalinity on the soil microbial population and 

their enzyme activity was one of the prime goals of this research. A correlational analysis was 

conducted by Pearsons to investigate the relationship between soil stressors and soil microbial 

parameters. Fig. 46 indicates a significant (1% level) negative relationship was observed 

between the alkalinity measurements (SAR, ESP, ECR, CROSS, and MCAR) and all the 

microbiological parameters. Hence, the microbial population in this region was impacted by 

the rise in alkalinity indices. Moreover, the bioavailable fractions of PTEs (Ws, Ex, and Ox) 

also exhibited a significant (1% level) inverse relationship with the microbial populations. So, 

the agricultural soil at the chromium-asbestos mine site had a decline in microbial population 

as a result of the elevated concentration of different PTEs (Fig. 46). 

 

Fig. 46: The Pearson correlation assesses the relationships between different fractions of PTEs, 

alkalinity indices, and various enzymatic-microbial parameters at a chromium-asbestos mining 

waste site. [The correlation coefficient and significance level are represented by each coloured 

point]   
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 In contrast, the GIS map revealed that the concentration of bioavailable PTEs and alkalinity 

indices was higher in the northwest to the southwest region, as compared with microbial 

activities due to the presence of toxic mine waste in the agricultural soil (Fig. 26, 41). Hence, 

the correlation assay and GIS distribution uncovered a notable impact of the combination of 

alkalinity and bioavailable PTEs on the microbial population, demonstrating a synergistic 

effect. The GIS mapping provided additional support for the aforementioned conclusions (Fig. 

21, 41, 43). 

A subsequent investigation, namely the Principal Component investigation (PCA), was 

performed to examine the relationship between alkalinity parameters, various concentrations 

of PTEs, and all microbiological characteristics. The application of principal component 

analysis (PCA) demonstrated that the initial two dimensions, referred to as Dim-1 and Dim-2, 

accounted for a total of 91.9% of the overall variation (Fig. 47).  

 

Fig. 47: Principal component analysis demonstrates an association between alkalinity, PTEs 

fractions, and microbiological metrics 

The eigenvalues of Dim-1 and Dim-2 accounted for 88.2% and 3.7% of the total explained 

variance, respectively. In Dim-1, a positive correlation was discovered between the alkalinity 

parameters (MCAR, ECR, ESP, CROSS, SAR) and the bioavailable percentages of PTEs. All 

the microbiological parameters were observed to exhibit negative values in relation to both 
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Dim-1 and Dim-2. The abundance of bioavailable fractions of PTEs and abundance of 

alkalinity exhibits a decline as the distance from chromium-asbestos mines increases, although 

a contrasting pattern was seen in relation to soil microbial and enzymatic activities. Therefore, 

utilizing PCA was an effective approach to maximize the coverage of variance within the data 

(Ghosh et al., 2024). 

This study also aimed to provide seven novel techniques in the field of machine learning for 

the prediction of alterations in soil microflora caused by prevalent stressors (alkalinity indices 

and PTEs stress) in the region (Fig. 48).  

 

Fig. 48. RMSE, r, and SD-based Taylor diagram illustrating the accuracy of the various 

machine learning models 
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The accuracy of a model was determined by a lower RMSE and a higher correlation coefficient 

(r). Based on the findings, it can be concluded that the RF model demonstrates superior 

performance in predicting the synergistic influence of stressors (PTEs and alkalinity) on the 

microbial community. The RMSE and r value of the RF model are represented in Table 25.   

Table 25: Root Mean Square Error (RMSE) and correlation coefficient (r) values for different 

machine learning techniques   

Parameters 

  Machine learning models 

  LR RT RF XGB MARS SVM KNN 

CROSS 

r 0.957 0.865 0.978 0.969 0.959 0.974 0.952 

RMSE 0.009 0.015 0.006 0.008 0.009 0.007 0.009 

ECR 

r 0.938 0.833 0.970 0.958 0.955 0.969 0.938 

RMSE 0.281 0.443 0.194 0.232 0.239 0.199 0.275 

MCAR 

r 0.962 0.865 0.980 0.974 0.979 0.977 0.956 

RMSE 0.008 0.015 0.006 0.007 0.006 0.006 0.009 

MH 

r 0.857 0.833 0.881 0.815 0.876 0.889 0.871 

RMSE 1.721 1.844 1.568 1.984 1.620 1.534 1.633 

ESP 

r 0.923 0.852 0.964 0.947 0.962 0.959 0.926 

RMSE 0.213 0.290 0.144 0.177 0.149 0.155 0.204 

SAR 

r 0.934 0.804 0.965 0.952 0.956 0.959 0.931 

RMSE 0.006 0.010 0.005 0.005 0.005 0.005 0.006 

BA_Cr 

r 0.922 0.925 0.975 0.842 0.980 0.943 0.990 

RMSE 15.495 15.350 8.722 22.096 7.952 13.154 5.622 

BA_Cd 

r 0.906 0.885 0.924 0.875 0.931 0.932 0.904 

RMSE 0.148 0.162 0.132 0.170 0.126 0.125 0.148 

BA_Cu 

r 0.851 0.859 0.921 0.887 0.837 0.873 0.914 

RMSE 3.910 3.812 2.853 3.437 4.067 3.576 3.001 

BA_Ni 

r 0.739 0.834 0.787 0.863 0.841 0.796 0.844 

RMSE 8.854 6.962 7.750 6.524 6.737 7.538 6.684 

BA_Pb 

r 0.538 0.667 0.666 0.595 0.443 0.746 0.668 

RMSE 2.626 2.171 2.161 2.534 2.883 1.911 2.131 

 

Subsequently, the algorithms employed are SVM, GBM, MARS, and KNN. RT was identified 

as the least effective performer within the models. The predictive capability of Random Forest 

(RF) was purported to be superior due to its reliance on numerical evidence, which provides a 

robust and adaptable framework (Moorhead et al., 2013). The utilization of this machine 

learning methodology has the capability to offer a precise and resilient resolution in 

comprehending the immediate soil health, hence rendering it highly advantageous for practical 

implementations in the real world.  

All the aforementioned findings offer valuable insights into the extent of PTEs contamination 

and its potential impact on the food chain in agricultural regions near mining sites. However, 

this study has a few limitations, including the selection of different rice varieties and different 

vegetable crops and seasonal variations, which could affect the uptake of PTEs in rice parts 
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and also influence food chain risk. Additionally, the local people residing in this area are 

reluctant to grow crops and vegetables across different seasons due to water scarcity (as 

cultivation solely depends on rainfall), lack of funding, and inadequate agricultural facilities. 

This study emphasizes the future potential of adopting various remediation techniques, 

particularly bioremediation (including phytoremediation/microbial remediation), as efficient, 

cost-effective, and sustainable approaches for managing toxic mine waste. Additionally, the 

results provide policymakers and authorities with critical information on PTE pollution, 

enabling them to develop effective waste management policies and contribute to environmental 

protection. 
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Objective: 2 

4.2 Determining Cr-tolerance of vetiver grass (Chrysopogon zizanioides) via hydroponic 

system  

This study assessed the effectiveness of the vetiver (Chrysopogon zizanioides, ecotype: 

Sunshine) plant (efficacy of phytoremediation technology) in remediating Cr in a hydroponic 

system. This method offers a comprehensive insight of the vetiver system's capacity for 

chromium removal. Vetiver plants were acclimatized for 30 days in a hydroponic system and 

subsequently transplanted to plastic tanks (12 L capacity) holding 10 L of nutrient medium, 

which was continually aerated using air circulation tubing. The hydroponics experiment was 

carried out at the greenhouse of the Experimental Agricultural Farm, Indian Statistical Institute 

(ISI), Jharkhand, India. Vetiver grass tillers with comparable biomass and height (22–28 g fresh 

weight per tank) were utilized for the hydroponic experiment (Fig. 49).  

 

Fig. 49: Hydroponic system set up with vetiver and different doses of Cr 
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The fundamental nutritional media employed for vetiver acclimatization was a modified 

Hoagland's solution, as delineated by Sahi et al. (2002). Following the 30-day acclimatization 

phase, a fresh nutritional medium was prepared using potassium dichromate (K2Cr2O7) as the 

Cr source, added at concentrations of 0, 5, 10, 15, 20, 50, 75, and 100 mg Cr L−1.  Deionized 

water was utilized in the preparation of the nutritional medium and Cr solutions. The 

experiment was carried out over a duration of 21 days, with intervals of 7 days. The treatment 

combinations were set up in a complete randomized design (CRD) consisting of 8 treatments, 

each replicated 3 times. The greenhouse maintained an average temperature of 27.0 °C ± 1, a 

humidity level of 60% ± 5, and a light/dark cycle of 14 hours of light and 10 hours of darkness. 

A thorough investigation was performed, including the accumulation of Cr in different plant 

sections (root, shoot), biochemical parameters (total chlorophyll, protein), stress osmolyte 

(proline), and growth characteristics (root length, shoot length, plant biomass fresh weight).  

4.2.1 Temporal changes of Cr content in water during the hydroponic experiment 

The Cr concentration in water (hydroponic tank) was periodically monitored to assess its 

uptake pattern and concentration over time. The results, illustrated in the corresponding Fig. 

50(a), showed that different Cr concentrations were initially (0 day) maintained and measured 

at 7-day intervals. After 7 days, a significant reduction (LSD_Day: 0.024; p: 0.002) in Cr levels 

was observed at lower concentrations (5, 10, 15, and 20 mg L⁻¹), indicating that vetiver 

effectively absorbed Cr through both roots and shoots. In contrast, Cr levels at higher 

concentrations decreased more gradually. By day 14, Cr in the lower concentration treatments 

was nearly undetectable, suggesting efficient uptake by vetiver. However, at higher 

concentrations, Cr levels approached a saturation point, and by day 21, there was almost no 

detectable change in Cr concentration compared to day 14. The most substantial reduction in 

Cr (at 75 mg L⁻¹) occurred by day 14. During this period, vetiver showed no visible 

physiological symptoms. However, at 75 and 100 mg L⁻¹, signs of stress such as leaf yellowing, 

decolorization appeared by day 21, and in the 100 mg L⁻¹ treatment, symptoms were already 

evident by day 14. The result was consistent with Andra et al., (2009), who demonstrated lead 

uptake in a hydroponic system utilising vetiver. 
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Fig. 50: Different attributes evaluation during the hydroponic experiment. (a) Changes of Cr 

concentration in water, Cr accumulation in shoots (b) and roots (c) of vetiver, and length (d) 

and fresh weight (e) of vetiver plant 
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4.2.2 Periodic changes of Cr accumulation pattern in the root and shoot of vetiver plant 

during the experiment 

The variation in Cr accumulation in the roots and shoots of vetiver plants is illustrated in the 

Fig. 50 (b,c). Overall, Cr concentration was consistently higher in the roots compared to the 

shoots. At day 7, plants exposed to lower Cr concentrations (5, 10, 15, and 20 mg L⁻¹) showed 

a significant increase in Cr uptake in both roots (LSD_Day: 6.898; p: 0.007) and shoots 

(LSD_Day: 0.579; p: 0.004). In treatments with higher concentrations (75 and 100 mg L⁻¹), Cr 

uptake was also substantial when compared to the control. In the control set, plants had no 

detectable Cr in either roots or shoots due to the absence of Cr exposure. Plants in the control 

group exhibited no physiological symptoms. By day 14, Cr uptake reached its peak across both 

plant parts and all concentration levels. Interestingly, plants exposed to a moderate dose 

(50 mg L⁻¹) exhibited uptake patterns similar to those observed at lower concentrations. 

However, by day 21, Cr uptake in the lower concentration treatments remained relatively 

unchanged, while in the higher concentrations, uptake was very low due to saturation, and the 

plants began to exhibit physiological stress symptoms, such as chlorosis. The highest 

accumulation and tolerance to Cr were observed at 75 mg L⁻¹ by day 14. Notably, Cr 

translocation from root to shoot was limited, indicating that vetiver primarily retains Cr in its 

root system. This characteristic supports its role in phyto-stabilization. Similar observations 

were reported by Andra et al. (2009), and Baker et al. (1994) suggested that the immobilization 

of metals in roots serves as a plant's exclusion strategy to mitigate metal toxicity. 

4.2.3 Growth properties and biochemical attributes evaluation after harvest under 

different Cr dose 

The assessment of various growth parameters and biochemical traits of vetiver after harvest is 

shown in Fig. 50 (d, e), 51. Key growth indicators such as root length, shoot length, and overall 

biomass were noticeably affected by different concentrations of Cr (Fig. 50 d, e). Both the 

length and biomass of the vetiver plants increased significantly (p < 0.05) compared to their 

initial values before acclimatization, indicating that the plants continued to grow throughout 

the experimental period. In the control group, where no Cr was added, the plants appeared 

healthy and showed robust growth. However, as the Cr concentration increased from 5 mg L⁻¹ 

to 100 mg L⁻¹, there was a clear decline in both root and shoot lengths, as well as a reduction 

in biomass at harvest. This decline can be attributed to the toxic effects of Cr, which interfere 
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with the plant’s physiological functions and ultimately hampers its growth. A comparable result 

was achieved by Andra et al. (2009) with Pb.  

 

Fig. 51: Periodic changes of biochemical parameters (total chlorophyll, protein, and proline) 

estimation in vetiver shoot 

In addition, key biochemical attributes were primarily analyzed in the shoots of vetiver plants 

to assess their response to stress. The main parameters measured included total chlorophyll, 

total protein, and the important osmolyte proline. These were evaluated periodically and are 

presented in the corresponding Fig. 51. Total Chlorophyll (LSD_Day: 0.0166; p: 0.001) and 

protein (LSD_Day: 1.652; p: 0.0017) levels showed a significant decline at higher Cr 

concentrations from day 7 to day 21, with the most pronounced decrease observed in the 

100 mg L⁻¹ treatment compared to the control. This reduction in chlorophyll content is likely 

due to metal accumulation in plant tissues, which may have disrupted the photosynthetic 

electron transport chain, leading to decreased chlorophyll synthesis (Patra et al., 2018). 

Furthermore, metal toxicity in treatments may result in reduced protein content, corroborating 

the findings of Farhangi-Abriz et al., (2017). Conversely, proline content (LSD_Day: 0.095; p: 

0.001) increased with rising Cr concentrations, regardless of the duration of exposure. This 

suggests an adaptive response, as proline functions as an effective osmoregulator that helps 

protect plants from oxidative stress under adverse conditions (Yang et al., 2025). 
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Objective: 3 

4.3 Enhancing Mycophytoremediation Potential of Chrysopogon zizanioides in 

Chromium-Asbestos Mine Waste Soil Using Arbuscular Mycorrhizal Fungi 

This study evaluated the effectiveness of the vetiver-AMF system (mycophytoremediation 

technology) in remediating chromium-asbestos mine waste-contaminated field soil over a two-

month period. A comprehensive analysis was conducted, which included the accumulation of 

trace elements (PTEs) in various plant parts in the presence of AMF infection, antioxidant 

enzyme activity, changes in soil properties, plant physiological and biochemical assessments, 

and the percentage of AMF colonization. This approach provides a detailed understanding of 

the vetiver system's potential for mycophytoremediation. The pot experiment was conducted 

at the greenhouse of Experimental Agricultural Farm, Indian Statistical Institute (ISI), 

Jharkhand, India. The treatment combinations were set up in a completely randomized design 

(CRD) with five treatments, each treatment being repeated three times. The treatment details 

are depicted in Table 26.  

Table 26: The treatment details of mycophytoremediation experiment 

Treatments Depiction 

C1 (Control) Soil contaminated with CAMW + Vetiver plant  

M1 Soil contaminated with CAMW + Vetiver plant + Glomus hoi 

M2 Soil contaminated with CAMW + Vetiver plant + Funneliformis coronatum 

M3 Soil contaminated with CAMW + Vetiver plant + Claroideoglomus claroideum 

M4 Soil contaminated with CAMW + Vetiver plant + Claroideoglomus etunicatum  

 

Earthen pots (measuring 23 cm in diameter and 20 cm in depth) were filled with 10.0 kg of 

chromium waste-contaminated soil. Vetiver plants (Chrysopogon zizanioides, ecotype: 

Sunshine) were pruned uniformly, ensuring root lengths of 10-12 cm and shoot lengths of 20-

25 cm. An amount of 100 g of mycorrhizal inoculums per kg of substrate, (including fungal 

spores, and mycelium), was administered at a depth of 4-5.0 cm below the surface of sterilized 

roots (treated with 0.1% mercuric chloride for 4-5 minutes) of the Vetiver plant. The control 

treatment, which did not involve mycorrhizal activity, was given an equivalent quantity of soil. 

The greenhouse was kept at an average temperature of 27.0 °C ± 1, with a humidity level of 

60% ± 5, and a light/dark cycle of 14 hours of light followed by 10 hours of darkness. The soil 
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moisture was maintained at around 60% of its field capacity. The plants were then harvested 

after a period of two months.  

4.3.1 Physico-chemical properties of soil among the treatments (initial and post-harvest) 

Table 27 summarizes the initial (0 day) physicochemical properties of soil contaminated with 

chromium-asbestos mine-waste. Initially, the soil exhibited a slightly acidic pH and contained 

low levels of total organic carbon (TOC) and nutrients.  

Table 27: Initial physico-chemical and microbial-enzymatic properties of soil contaminated with 

chromium-asbestos mine-waste 

Parameters Mean ± SD 

pH 6.37 ± 0.41 

TOC (%) 0.37 ± 0.012 

AN (mg kg-1) 23.97 ± 1.09 

AP (mg kg-1) 18.74 ± 1.01 

AK (mg kg-1) 104.64 ± 6.17 

MBC (mg kg-1) 213.12 ± 13.16 

BSR (mg CO2 released kg-1h-1) 4.14 ± 0.27 

SIR (mg CO2 released kg-1h-1) 10.38 ± 0.76 

FDA (mg fluorescein kg-1 soil h-1) 14.17 ± 1.13 

DHG (mg TPF released kg-1 soil h-1) 3.78 ± 0.21 

BG (mg p-nitrophenol released kg-1 soil h-1) 9.76 ± 0.68 

U (mg urea hydrolysed kg-1 soil h-1) 13.75 ± 0.92  

APP (mg p-nitrophenol released kg-1 soil h-1) 38.98 ± 2.04 

 

Soil essential nutrients such as available nitrogen (AN), available phosphorus (AP), and 

available potassium (AK) were measured at 23.97 ± 1.23 mg kg⁻¹, 19.74 ± 0.87 mg kg⁻¹, and 

104.64 ± 3.87 mg kg⁻¹, respectively, at the initial phase (0 day) of the experiment. After 60 

days of the mycophytoremediation pot experiment, treatments enriched with different AMF 

species exhibited a significant increase in soil properties compared to the control vetiver plants 

(devoid of AMF) (Table 28).  

 Table 28: Physico-chemical properties of different treatment soil at time of harvest  

Treatment pH  OC (%) AN (mg kg-1) AP (mg kg-1) AK (mg kg-1) 

C1 6.62 ± 0.36 0.43 ± 0.035 27.29 ± 2.09 21.14 ± 1.51 147.81 ± 6.31 

M1 6.93 ± 0.39 0.649 ± 0.041 43.16 ± 3.32 31.97 ± 2.28 229.25 ± 12.10 

M2 6.73 ± 0.27 0.561 ± 0.024 37.69 ± 2.89 27.84 ± 1.98 183.97 ± 9.33 

M3 6.67 ± 0.21 0.494 ± 0.021 33.17 ± 2.55 23.87 ± 1.70 172.76 ± 8.39 

M4 6.61 ± 0.22 0.57 ± 0.032 34.89 ± 2.68 22.19 ± 1.58 163.34 ± 8.12 

C1: Control plant (without AMF); M1: Glomus hoi; M2: Funneliformis coronatum; M3: 

Claroideoglomus claroideum; M4: Claroideoglomus etunicatum  
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The soil pH increased in the presence of M1 infection, reaching a neutral range compared to 

other AMF species. The shift in soil pH towards neutrality was likely due to the AMF 

promoting plant growth, stimulating microbial activity, and triggering the production of 

oxidative enzymes (Chelangat et al., 2021). Soil nutrients, including TOC, AN, AP, and AK, 

were significantly higher in the presence of Glomus hoi (M1), followed by Funneliformis 

coronatum (M2), Claroideoglomus claroideum (M3), and Claroideoglomus etunicatum (M4) 

depicted in Table 28.  AMF increases the carbon content in soil by producing residues deposited 

in the soil, releasing enzymes (hydrolytic enzymes) that help break down plant and microbial 

matter, and boosting plant growth (Treseder and Holden, 2013). It also improves plant nutrient 

absorption, which leads to more photosynthesis and the production of carbon-rich compounds 

like carbohydrates. This, in turn, increases microbial activity, available carbon, and other 

nutrients in the soil (Agnihotri et al., 2022). AMF is essential for enhancing the availability of 

P in the soil which breaks down soil substrates and releases accessible phosphate through their 

metabolic process (Fall et al., 2022). AMF plays a role in mobilizing inorganic nitrogen, such 

as ammonium ions (NH₄⁺), from the soil (Casieri et al., 2013). Like AP, AMF also improves 

the absorption of AK in nutrient-deficient soils (Dominguez-Nuñez et al., 2016). The AMF 

mycelium is capable of absorbing nitrogen in multiple forms, including ammonium (NH₄⁺), 

nitrates (NO₃⁻), and amino acids (Jansa et al., 2019). It has also been shown that mycorrhizal 

associations may play a crucial role in the breakdown and mineralization of plant organic 

matter, helping to mobilize nutrients, especially nitrogen, to support the host plant. 

4.3.2 Sequential extraction of different forms of PTEs in soil contaminated with 

chromium-asbestos mine waste across treatments 

Table 29 shows the distribution of TE forms in chromium mine waste-contaminated soil 

initially. The assessment of potential toxicity and accumulation patterns primarily relied on the 

bioavailable fractions of TEs, especially the water-soluble phase (WS), and exchangeable 

phase (EX) forms. The presence of toxic mine waste in the soil resulted in significantly higher 

levels of PTEs such as Cd, Ni, and Cr compared to other PTEs like Cu and Pb at the initial 

time.  
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Fig. 52: Sequential extraction of different PTEs forms in soil contaminated with chromium-

asbestos mine-waste at post-harvest. Here, C1: Control plant (without AMF); M1: Glomus 

hoi; M2: Funneliformis coronatum; M3: Claroideoglomus claroideum; M4: Claroideoglomus 

etunicatum 

 

This suggests that the reductive dissolution of Fe (III) and Mn (IV) may occur in the presence 

of AMF infection. In the Org-bound phases, PTEs accumulation in the soil showed a slight 

increase in the presence of AMF infection, likely due to the secretion of glomalin protein, which 

facilitates the sequestration of toxic PTEs in the soil. The order of PTEs content increase under 

AMF infection was: Glomus hoi > Funneliformis coronatum > Claroideoglomus claroideum > 

Claroideoglomus etunicatum. Other phases like CAR, and Min bound phases of PTEs were 

slightly decreased as compared with the C1 plant. This pot experiment demonstrated that the 

presence of AMF infection in vetiver roots enhances the plant's ability to accumulate PTEs, 

leading to increased uptake compared to plants without infection. AMF species such as Glomus 
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hoi and Funneliformis coronatum enhance the remediation potential of the vetiver plant more 

effectively than other species. 

4.3.3 PTEs accumulation pattern in the shoots and roots of vetiver infected by various 

AMF 

The accumulation of PTEs in both the shoots and roots varied depending on the AMF inoculant, 

leading to varying phytoextraction/phytostabilization patterns observed at harvest (Fig. 53). 

The results showed that plants treated with all four AMF species accumulated significantly 

higher levels of PTEs (Cr, Ni, Cd, Pb, and Cu) in their root tissues. The PTEs levels varied 

depending on the AMF inoculation, affecting both shoots and roots. Some fungi increased PTEs 

concentrations, while others reduced them in the plants.  The concentrations of Pb, Cu, Cd, Ni, 

and Cr in the roots of Glomus hoi-treated plants were higher by 33.21%, 32.44%, 27.79%, 

27.44%, and 21.74%, respectively, compared to the C1 (Fig. 53). Ma et al. (2019) found that 

inoculating Helianthus annuus with the AMF Claroideoglomus claroideum (BEG210) boosted 

Ni accumulation in plants grown in Ni-contaminated saline soils, compared to the non-

inoculated control (C1). Similarly, plants inoculated with M4 had the highest concentrations of 

PTEs, particularly Cr and Ni, in the roots followed by M3, and M2. Several studies have 

reported that AMF employs mechanisms that facilitate PTEs accumulation in root tissue while 

limiting their transfer to the shoots, thereby enhancing the phytostabilization process (Singh et 

al., 2019)   Additionally, In the control plants, the Cr, Pb, and Ni concentrations in roots were 

389.39 mg kg–1, 61.96 mg kg–1, and 209.21 mg kg–1. Furthermore, AMF functions as a biofilter, 

preventing the transfer of PTEs from the roots to the shoots, in contrast to the control plants. 

Plants inoculated with M1, M2 and M3, along with the control group (C1), showed the highest 

concentrations of Cr, Ni, and Pb in the roots. Interestingly, AMF accumulate PTEs in their 

extrametrical hyphae and extra-hyphal slime, effectively sequestering them near the roots and 

limiting their absorption by the plant's shoots (Danesh et al., 2013). 
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Fig. 53: Accumulation of PTEs in root and shoot of vetiver plant in presence of four different 

AMF treatments and control (devoid of AMF) at post-harvest. Here, C1: Control plant (without 

AMF); M1: Glomus hoi; M2: Funneliformis coronatum; M3: Claroideoglomus claroideum; 

M4: Claroideoglomus etunicatum 

 

Among the analyzed elements, Cr and Ni were found in the highest concentrations in the 

shoots, followed by Cd, Pb, and Cu in the AMF-infected plants as depicted in Fig. 53. These 

concentrations are considered harmful or toxic to the majority of plant species (Kabata-Pendias 

2011). Plant growth in the control pots (C1) was hindered due to PTEs toxicity, whereas growth 

improved in the AMF-treated pots. This occurred in control plots because of PTEs ionic 
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properties, their ability to bind to various cellular ligands, and their interaction with native 

essential metals. Elements like Cu and Pb exhibited lower concentrations in the plant shoots, 

likely due to their strong affinity for the roots, which prevents their translocation to the shoots 

(Mayer, 2017). Cd is known to compete with cellular zinc, ultimately interfering with enzyme 

activities. Similarly, other PTEs have been reported to disrupt oxidative phosphorylation and 

affect membrane permeability (Singh et al., 2019). The highest accumulation of PTEs in vetiver 

shoots was observed in the case of C. etunicatum (M4) compared to the other species. Among 

the fungi tested, inoculation of vetiver with Glomus hoi significantly decreased the levels of 

PTEs, particularly Cr, and Ni, in the shoots, followed by Funneliformis coronatum (M2), 

compared to the control (C1) treatment. The beneficial role of AMF has been documented by 

numerous researchers in limiting the translocation of PTEs from colonized roots to shoots in 

highly PTEs-polluted soils. 

4.3.4 Microbiological and enzymatic parameters among different treatments 

Fig. 54 denotes the periodical variation of microbial properties among the treatments during 

experiment. AMF species significantly influenced plant root site and soil microbial activity as 

indicated by MBC (T_LSD: 3.37, p: 0.002). A consistent periodic increase in MBC was 

observed across all AMF inoculums, with the M1 treatment (527.66 mg kg-1) showing the 

highest microbial activity, while the Plant treatment (devoid of AMF) C1 exhibited the lowest 

MBC (338.32 mg kg-1). This outcome highlights the role of mycorrhizal roots in creating a sink 

demand for carbon and nitrogen. AMF mineralizes waste, leading to an increase in soil 

microbial populations, which subsequently elevates the MBC content in the plant root site. This 

rise in MBC enhances enzyme activity, improving the availability of plant nutrients. The Basal 

soil respiration (BSR) was highest (T_LSD: 0.36, p: 0.004) in the M1 treatment and lowest in 

the M4 treatment, depicted in Fig. 54. Similarly, substrate-induced respiration peaked in the 

Glomus hoi (M1) treatment as compared with C1 treatment. Microbial respiration serves as a 

reliable predictor of the soil microbial response to disturbances under stress conditions 

(Tripathy et al., 2014).  
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Fig. 54: Temporal dynamics of microbial properties of chromium-mine waste contaminated 

soil with and without four different AMF treatment. Here, C1: Control plant (without AMF); 

M1: Glomus hoi; M2: Funneliformis coronatum; M3: Claroideoglomus claroideum; M4: 

Claroideoglomus etunicatum 

The enzyme activities fluorescein diacetate (FDA), dehydrogenase (DHG), acid phosphatase 

(APP), Urease (U) as well as β-glucosidase (BG), serve as indicators of microbial establishment 

and growth in the soil (Singh et al., 2019). The temporal variation of enzymatic parameters 

were represented in Fig. 55. The AMF treatments influenced enzyme activity, resulting in 

statistically significant differences from the C1 (p < 0.05). FDA hydrolytic activity was low in 

control treatments but significantly (T_LSD: 3.94, p: 0.006) higher in the M1 treatment (47.35 

mg fluorescein kg soil-1 h-1) followed by M2 (38.06 mg fluorescein kg soil-1 h-1), and M3 (31.24 

mg fluorescein kg soil-1 h-1). This result suggests that microbial cells in the control treatment 

produce less fluorescein due to stress from toxic mine waste, while AMF-treated pots show 

higher fluorescein activity, highlighting AMF's role in reducing stress, boosting microbial 

activity, and improving nutrient availability. The results DHG activity significantly increased 

periodically (D_LSD: 1.04, p: 0.007) in the AMF-treated pots compared to the C1. DHG is an 

oxidoreductase enzyme found only in viable cells. DHG enzyme activity, the most sensitive 
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among those tested, increased significantly (T_LSD: 3.29, p: 0.009) with M1 inoculation, 

demonstrating the best AMF performance, while the C. etunicatum (M4) showed the lowest 

performance. The maximum U, and BG activity was observed at the time of harvest in case of 

M1 (46.26 mg urea kg soil-1 h-1 and 43.84 mg PNP kg soil-1 h-1) treatment followed by M2 

(39.03 mg urea kg soil-1 h-1 and 34.7 mg PNP kg soil-1 h-1), M3 (28.06 mg urea kg soil-1 h-1 and 

26.62 mg PNP kg soil-1 h-1), and M4 (26.67 mg urea kg soil-1 h-1 and 22.11 mg PNP kg soil-1 h-

1) (Fig. 55).  

 

Fig. 55: Periodic variation of enzymatic attributes of chromium-mine waste contaminated soil 

with and without four different AMF treatment. Here, C1: Control plant (without AMF); M1: 

Glomus hoi; M2: Funneliformis coronatum; M3: Claroideoglomus claroideum; M4: 

Claroideoglomus etunicatum 

 

The BG enzyme catalyzes the hydrolysis of cellobiose into glucose, providing energy for 

microbes, while urease enzyme activity facilitates the hydrolysis of urea into ammonia, 

increasing pH and releasing NH₃ as the first step in nitrification. The result is consistent with 
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similar findings by Medina et al. (2006) following soil inoculation with Glomus mosseae. The 

overall trend for APP activity across treatments was M1 > M2 > M3> M4 > C1. Acid 

phosphatase (APP) activity results indicated that M1 and M2 mycorrhizal isolates were the 

most effective in promoting hydrolytic processes. AMF treatments improved APP enzyme 

activity as well as soil and plant phosphorus levels. This improvement is attributed to AMF's 

ability to convert inorganic phosphate into soluble forms through exchange reactions, 

chelation, acidification, and the production of organic acids, H⁺, and metabolites. Additionally, 

phosphate-solubilizing bacteria, known for mineralizing organic phosphorus and producing 

phosphatase, play a crucial complementary role in this process. Additionally, the significant 

increase in AMF root colonization percentage in the Glomus hoi and Funneliformis coronatum 

treatments led to enhanced enzyme activities in the vetiver rhizospheric soil (Fig. 56b). The 

mycophytoremediation of chromium-asbestos mine waste-contaminated soil was evident 

through the enhancement of soil biological properties and enzyme activities, which were 

reflected in the rhizosphere of AMF-treated plants. 

 

Fig. 56: The AMF attributes including (a) Fractions of glomalin-related soil proteins properties 

of chromium-mine waste contaminated soil with and without four different AMF treatment 

(post-harvest); (b) The colonization percentage of among the AMF treatments at post-harvest. 

Here, C1: Control plant (without AMF); M1: Glomus hoi; M2: Funneliformis coronatum; M3: 

Claroideoglomus claroideum; M4: Claroideoglomus etunicatum 
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4.3.5 Translocation and bio-concentration factor of PTEs across treatments with or 

without AMF 

In AMF treatments, the translocation factor (TF) for Cd, Pb, Cr, Ni, and Cu was significantly 

below 1 compared to the control, depicted in Table 30. According to TF values, plants are 

classified as hyperaccumulators (TF > 1) or non-hyperaccumulators (TF < 1) (Singh et al., 

2010). However, AMF restricted PTEs movement from roots to shoots, resulting in lower TF 

values for Ni, Cr, Cd, and Pb. M1 was the most effective AMF species in reducing the 

translocation of Ni, Cr, Cd, and Pb from roots to shoots, while control plants exhibited higher 

TF values. TF values below 1 indicate limited Cr and Ni transport from roots to shoots. A 

similar trend was observed by Gheju et al., (2009) regarding TF.  

Table 30: Bioconcentration factor and Translocation factor of PTEs 

in vetiver plants across treatments 

Bioconcentration factor (BCF) 

AMF 

culture 
BCF_Cr BCF_Ni BCF_Cd BCF_Pb BCF_Cu 

C1 0.441 0.308 0.180 0.539 0.341 

M1 0.739 0.580 0.378 1.111 0.697 

M2 0.618 0.457 0.293 0.848 0.530 

M3 0.536 0.396 0.250 0.756 0.434 

M4 0.472 0.341 0.214 0.621 0.385 

Translocation factor (TF) 

AMF 

culture 
TF_Cr TF_Ni TF_Cd TF_Pb TF_Cu 

C1 0.621 0.544 0.654 0.671 0.652 

M1 0.289 0.138 0.226 0.095 0.155 

M2 0.387 0.170 0.293 0.193 0.246 

M3 0.454 0.269 0.358 0.306 0.352 

M4 0.526 0.403 0.498 0.460 0.508 

C1: Control plant (without AMF); M1: Glomus hoi; M2: 

Funneliformis coronatum; M3: Claroideoglomus claroideum; M4: 

Claroideoglomus etunicatum 

 

The bio-concentration factor (BCF) of plants was increased with AMF inoculation, whereas 

control plants showed the lowest BCF values (Table 30). Among the AMF species, M1 

exhibited the highest BCF values, with 0.73 for Cr, 0.58 for Ni, 0.37 for Cd, and 1.11 for Pb, 

compared to the control C1 (no AMF). The BCF for PTEs followed the order: Pb > Cr > Cu > 

Ni > Cd. AMF effectively restricted the translocation of trace elements (PTEs) to the shoots, 

likely due to their binding to chitin in fungal cell walls and the sequestration of toxic metals in 
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vesicles (Gohre and Paszkowski, 2006). Additionally, this study found that the micronutrient 

Cu accumulated at higher levels in the roots of AMF-inoculated plants compared to controls. 

Liu et al. (2000) highlighted the role of AMF in enhancing the uptake of PTEs and nutrients 

through extra-radical hyphae, which provide an expanded surface area for the absorption of 

immobile nutrients. 

4.3.6 Glomalin-related soil protein fraction across various treatments 

AMF colonization and inoculation significantly influenced GRSP and its fractions in the 

vetiver rhizosphere soil (Fig. 56a, 57). AMF inoculation led to a 1.31–1.48-fold increase in 

EE-GRSP compared to non-inoculated treatments. GRSP plays an essential role in enhancing 

soil structure and biochemical properties critical for soil fertility (Wang et al., 2023). 

 
Fig. 57: The root staining shows the different structure of Arbuscular mycorrhizal fungi (AMF) 

including hyphae, arbusclues, vesicles among different treatments With and without AMF 

amendment and evaluated root colonization percentage. Here, C1: Control plant (without 

AMF); M1: Glomus hoi; M2: Funneliformis coronatum; M3: Claroideoglomus claroideum; 

M4: Claroideoglomus etunicatum 

It increases soil carbon and nitrogen storage, stabilizes soil aggregates, and protects organic 

matter from microbial degradation. In this study, DE-GRSP levels were markedly higher in the 

rhizosphere soil of plants infected with M1, showing a 2.81-fold increase, followed by M2, 
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M3, and M4. T-GRSP levels in the vetiver rhizosphere soil were 2.59 times higher in the M1 

treatment compared to the uninoculated control (Fig. 56a). Bedini et al. (2009) observed a 

significant rise in EE-GRSP and TGRSP levels in Medicago sativa inoculated with 

Funneliformis mosseae and Glomus intraradices.  However, the effect of GRSP on soil quality 

depends on various factors, including host plant species, AMF diversity, environmental 

conditions, and the application of chemicals or synthetic fertilizers (Anandakumar et al., 2024). 

4.3.7 Phosphorus uptake potential of vetiver plant with or without AMF treatments 

Across all treatments, the phosphorus levels in plant shoots and roots were significantly higher 

in AMF-infected treatment as compared to the non-infected plant (control: C1), illustrated in 

Fig. 58. At harvest, inoculation with M1 led to a 1.91-fold increase in phosphorus content in 

the roots and a 2.39-fold increase in the shoots. High root colonization by Glomus hoi showed 

a positive correlation (shoot_r: 0.84, root_r: 0.45) with increased P uptake. This was followed 

by Funneliformis coronatum and Claroideoglomus claroideum, which enhanced phosphorus 

levels by 1.83 folds and 1.57 folds in shoots as well as 1.69 folds and 1.41 in roots, respectively. 

The phosphorus uptake with Claroideoglomus etunicatum (M4) was the lowest and closely 

resembled that of the control treatment. AMF-colonized roots effectively absorbed significant 

amounts of phosphorus and transported it to other plant parts, even under PTEs-contaminated 

soils. Supporting these findings, research has shown that AMF enhances the root surface area, 

including fine roots and root hairs, to optimize the uptake of nutrients and various ions (Mackay 

et al., 2017). 

 

Fig. 58: Total phosphorus content in root and shoot of vetiver with and without four different 

AMF treatment. Here, C1: Control plant (without AMF); M1: Glomus hoi; M2: Funneliformis 

coronatum; M3: Claroideoglomus claroideum; M4: Claroideoglomus etunicatum 
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4.3.8 Biochemical attributes and antioxidant defence activity among the treatments 

The chlorophyll content (total chlorophyll, chlorophyll a, and chlorophyll b) and carotenoid 

levels varied significantly across the treatments (Fig. 59). Plants treated with Glomus hoi 

exhibited the highest levels of chlorophyll a, chlorophyll b, and total chlorophyll, showing 

increases of 1.32-fold, 1.48-fold, and 1.36-fold, respectively, compared to the control. 

Similarly, the highest carotenoid content was observed in plants treated with M1, followed by 

those treated with M2, M3, and M4. In contrast, C1 (without AMF treatment) showed reduced 

chlorophyll content, likely due to the uptake of PTEs in plant tissues, which may have disrupted 

the photosynthetic electron transport chain and subsequently reduced chlorophyll pigment 

levels (Patra et al., 2018). In contrast, Andrade et al. (2008) reported that mycorrhizal 

inoculation enhanced nutrient uptake in plants and increased chlorophyll content. The total 

soluble sugar content was significantly higher in AMF amended treatment as compared with 

control (shoot_LSD: 0.112, p: 0.001; root_LSD: 0.415, p: 0.017). It plays an important role in 

plant osmotic balance. Similarly, proline content was found to be lower in control plants (both 

shoot and root) compared to those inoculated with AMF (Fig. 59). The highest proline 

accumulation was observed in plants treated with M1 (root: 2.07folds, and shoot: 1.98 folds), 

which provided greater resistance to PTEs stress, depicted in Fig. 59. 
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Fig. 59: The biochemical parameters and antioxidant enzymes properties of vetiver plant (root 

and shoot) across the treatments (post-harvest). Here, M1: Glomus hoi; M2: Funneliformis 

coronatum; M3: Claroideoglomus claroideum; M4: Claroideoglomus etunicatum 

 

Proline is a highly effective osmoregulator, known to protect plants from oxidative damage 

under stress conditions. The results align with He et al. (2020), who reported that under PTEs 

stress, corn plants inoculated with AMF exhibited significantly higher levels of soluble sugar 

and proline than non-inoculated plants. The accumulation of osmoregulatory substances is a 

typical stress response, and plant symbiotic fungi contribute to maintaining subcellular 

structural stability by promoting this accumulation, thereby alleviating stress on the host plant. 

Fig. 59 illustrates the antioxidant enzyme activity in response to PTE stress. The activities of 

SOD, CAT, and GPOD in the shoots and roots of AMF-infected vetiver plants were 
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significantly higher than those in control plants when grown in mine waste-contaminated soil. 

Among the AMF-infected plants, M1 exhibited the highest SOD activity (shoot: 1.66 folds, 

root: 1.62 folds) followed by M2 (shoot: 1.43 folds, root: 1.36 folds), M3 (shoot: 1.27 folds, 

root: 1.26 folds), and M4 (shoot: 1.14 folds, root: 1.11 folds) (Fig. 4). Similarly, CAT activity 

was significantly elevated (shoot_LSD: 0.178; p: 0.007; root_LSD: 0.302; p: 0.005) in Glomus 

hoi compared to control plants. Additionally, a similar pattern was observed, with GPOD 

activity in both the roots and shoots of vetiver plants increasing in the presence of AMF 

compared to the control group. In response to increased oxidative stress induced by PTEs, 

plants activate these antioxidant enzymes to neutralize reactive oxygen species (ROS) and 

minimize damage (Banerjee et al., 2019). In our study, AMF infection led to increased 

antioxidant activity, which helped reduce TE-induced ROS in the vetiver plants growing in 

chromium-asbestos mine tailing-contaminated soil. A similar pattern was observed by Wang 

et al. (2016), who reported that AMF inoculation mitigated phytotoxicity by decreasing ROS 

production and boosting antioxidant activity. 

4.3.9 Plant growth properties in presence of different AMF species 

The shoot and root lengths as well as weight (fresh and dry) of vetiver grown on chromium-

asbestos mine waste-contaminated soil, with and without AMF inoculation, were presented in 

Fig. 60. Among the AMF treatments, M1, and M2 resulted in a significant increase in shoot 

and root lengths at the time of harvest followed by M3 and M4. The mean shoot length of 

vetiver grown with AMF (Glomus hoi and Funneliformis coronatum) was 124.5± 13.21 cm 

and 110.3 ± 8.76 cm, while the root length was 73.4 ± 5.12 cm and 62.7 ± 3.69 cm, respectively. 

The increased shoot and root length of vetiver can be directly attributed to higher root 

colonization by M1 and M2, which improved nutrient and phosphorus uptake. A similar trend 

of AMF was observed in both fresh weight and dry weight. The shoot and root lengths, as well 

as biomass production (dry weight), were significantly lower in vetiver plants grown in the C1 

treatment. AMF-treated plants appeared healthy, showing no signs of stress such as 

discoloration, wilting, or necrosis. In contrast, plants in the control group (without AMF) 

exhibited stunted growth. To assess the impact of AMF on the root system, the plants were 

taken out from the pots at the end of the experiment. The roots exhibited a dense, mesh-like 

growth that held the mine-soil together, a characteristic considered ideal for an effective 

“phyto-stabilizer”. The dense root system developed through AMF infection can aid in 

preventing the toxic effect (secretion of GRSP) of PTEs from the contaminated mine waste soil 

(Gohre and Paszkowski 2006). In line with our findings, other studies have also confirmed the 
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significant increase in shoot and root length, as well as biomass (fresh and dry weight), of L. 

usitatissimum and Sesamum indicum with the application of G. intraradices and G. 

fasciculatum (Amna et al., 2015). 

 

Fig. 60: The growth properties of vetiver plant (root and shoot) across the treatments (post-

harvest). Here, M1: Glomus hoi; M2: Funneliformis coronatum; M3: Claroideoglomus 

claroideum; M4: Claroideoglomus etunicatum 
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4.3.10 Statistical model analysis to evaluate the efficiency of mycophytoremediation 

approach 

The heatmap (Fig. 61) correspond to the Pearsons' correlation and Principal component 

analysis (PCA) (Fig. S6) among different parameters (AMF attributes [colonization percentage 

(CP), glomalin protein fractions (EEG, DEG)], bioavailable soil PTEs (Cr_BA, Cd_BA, 

Ni_BA, Cu_BA, and Pb_BA), soil microbial-enzymatic properties [microbial biomass carbon 

(MBC), substrate induced respiration (SIR), basal soil respiration (BSR), acid phosphatase 

(APP), dehydrogenase (DHG), urease (U), β-glucosidase (BG) and fluoresceine diacetate 

(FDA)], soil quality (pH, TOC, AP, AN, and AK), PTEs root accumulation (RA_Cr, RA_Cd, 

RA_Ni, RA_Cu, and RA_Pb),  stress enzyme (PRO, SOD, CAT, and POD) and plant growth 

properties (RL, and DW) at the time of post-harvest. The AMF attributes (CP, EEG, DEG) 

showed negative correlation with bioavailable soil PTEs (rCr_BA: -0.61, -0.77, -0.07; 

rCd_BA: -0.60, -0.75, -0.08; rCu_BA: -0.69, -0.84, -0.21; rNi_BA: -0.84, -0.88, -0.24; and 

rPb_BA: -0.50, -0.66, -0.05) while, other parameters had a positive correlation with each other 

(Fig. 61). A significant positive correlation was observed between PTEs in roots (RA_Cr, 

RA_Cd, RA_Ni, RA_Cu, and RA_Pb) and the AMF attributes (rCP: 0.70, 0.45, 0.69, 0.62, 

0.71; rEEG:  0.70, 0.34, 0.76, 0.44, 0.53; rDEG: 0.62, 0.45, 0.71, 0.48, 0.32). Following 

harvest, the vetiver plant absorbs toxic PTEs from the soil, facilitated by the presence of AMF, 

which helps the plant store these PTEs in its root system. Overall, from this analysis depicts 

that the presence of AMF in the treatments reduces PTEs in contaminated soil, promotes the 

secretion of stress enzymes to mitigate stress, and improves soil quality and plant growth, 

thereby enhancing the remediation potential of the vetiver plant. 
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Fig. 61: The Pearson correlation plot showing the relationship among different parameters 

including soil quality, microbial-enzymatic attributes, soil bioavailable PTEs, stress enzymes, 

plant growth properties, AMF attributes and root PTEs accumulation at post-harvest. Here, two 

different colour denotes positive (violet) and negative (brown) correlation among treatments 

during experiment  

 

A subsequent investigation, PCA was performed to examine the relationship between different 

parameters and results indicate a closer association between AMF attributes soil microbial-

enzymatic properties, soil quality, PTEs root accumulation, stress enzyme, and plant growth 

properties (Fig. 62). The application of PCA revealed that the first two dimensions, Dim-1 and 

Dim-2, together explained 82.3% of the total variation. The eigenvalues for Dim-1 and Dim-2 

contributed 63.8% and 18.5%, respectively, to the total explained variance (Fig. 62). The 

positive association was observed between AMF attributes with other parameters including 
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root PTEs accumulation, growth parameters, and overall soil health quality whereas a negative 

association was found between AMF attributes and soil bioavailable PTEs. The result indicates 

that the inclusion of AMF in the treatments helps decrease PTEs in contaminated soil, 

stimulates the release of stress enzymes to alleviate stress, and boosts both soil quality and 

plant growth, ultimately enhancing the vetiver plant's remediation potential.  

 

Fig. 62: Principal components analysis (PCA) plot showing the relationship among various 

attributes including soil quality, microbial-enzymatic attributes, soil bioavailable PTEs, stress 

enzymes, plant growth properties, AMF attributes and root PTEs accumulation at post-harvest 
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The path analyzing the mycophytoremediation efficacy of vetiver plant (MPRE) was 

demonstrated through the PLS-SEM model presented in Fig. 63, considering four different 

AMF amendments. The variance inflation factor (VIF) and path coefficient for different AMF 

treatments were depicted in Tables 31, 32.  

Table 31: Variance inflation factors (VIF) for each indicator construct of 

different AMF treatments 

Construct  M1_VIF M2_VIF M3_VIF M4_VIF 

AMF Attributes 

Colonization 2.546 1.512 2.307 2.617 

EEG 2.976 2.559 2.663 2.706 

DEG 2.129 2.200 2.106 1.087 

Soil PTEs 

Cr 1.979 2.192 3.008 1.419 

Ni 1.526 1.373 2.121 1.738 

Cd 3.008 2.005 3.905 2.089 

Pb 1.237 1.933 1.744 1.407 

Cu 4.179 2.934 2.123 2.178 

Soil Quality 

MBC 1.828 2.387 1.702 1.037 

BSR 1.561 1.116 1.075 1.078 

SIR 1.259 2.230 1.771 1.045 

Stress Enzymes  

PRO 1.479 1.628 1.131 1.123 

SOD 1.317 2.193 1.252 3.054 

CAT 1.805 3.274 1.348 1.564 

GPOD 1.266 2.693 1.076 2.187 

Plant Growth 

Root length 8.133 1.635 1.094 1.117 

Root biomass 8.133 1.635 1.094 1.117 

Mycophytoremediation efficiency (MPRE) 

Root_Cr 3.988 3.041 3.724 1.822 

Root_Ni 3.694 1.636 2.452 2.331 

Root_Cd 1.254 4.037 3.232 2.264 

Root_Pb 1.912 9.329 2.468 1.827 

Root_Cu 1.614 4.695 1.817 1.328 

M1: Glomus hoi; M2: Funneliformis coronatum; M3: Claroideoglomus 

claroideum; M4: Claroideoglomus etunicatum 
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Table 32: Path coefficient of the paths from exogenous latent variables to endogenous latent 

variables and also between exogenous latent variables of mycophytoremediation experiment 

Path 
M1_Path 

coefficient 

M2_Path 

coefficient 

M3_Path 

coefficient 

M4_Path 

coefficient 

AMF Attributes -> MPRE 0.412 0.705 0.246 0.425 

AMF Attributes -> Plant Growth 1.167 0.837 0.33 -0.061 

AMF Attributes -> Soil Quality 0.953 0.643 0.641 0.647 

AMF Attributes -> Soil PTEs 0.899 0.723 0.755 0.778 

Plant Growth -> MPRE -0.034 -0.678 0.43 0.503 

Soil Quality -> Plant Growth -0.238 0.052 0.562 0.771 

Soil PTEs -> MPRE 0.126 -0.033 0.224 -0.391 

Soil PTEs -> Stress enzymes 0.886 0.891 0.646 0.773 

Stress enzymes -> MPRE 0.478 0.937 0.259 0.527 

 

The analysis showed that the presence of AMF had the maximum impact on MPRE, primarily 

influenced by the plant's defence mechanisms (stress enzyme secretion), with a positive 

relationship indicated by M1_ß = 0.478, M2_ß = 0.937, M3_ß = 0.259, and M4_ß = 0.527. The 

direct and indirect paths explaining the main target variable (MPRE) were significant based on 

the R² value (M1_MPRE: 0.888, M2_MPRE: 0.909, M3_MPRE: 0.871, and M4_MPRE: 

0.604). The attributes of AMF had a strong positive impact on soil quality (0.953), plant growth 

(1.167), and soil PTEs (0.899), with the maximum effect observed in M1. The presence of 

AMF culture (M1) in the vetiver plant roots aids in the accumulation of toxic PTEs from the 

soil while also enhancing soil quality, which in turn promotes proper growth of vetiver plant. 

Similar trend was observed in case of other AMF mediated treatment (M2, M3, and M4). In 

the presence of M1 and M3, soil PTEs have a positive relationship on MPRE, whereas a 

negative relationship between soil PTEs and MPRE was observed in the presence of M2 and 

M4. Furthermore, a positive influence was observed between soil PTEs and stress enzymes in 

all treatments. Under PTEs stress conditions, the plant secretes various stress enzymes to 

counteract the stress without compromising its phytoremediation efficiency. The presence of 

AMF culture also enhances the phytoremediation process by expanding the root surface area 

through their hyphal structure, which aids in the absorption of PTEs, thereby boosting overall 

efficiency. Overall, the current study showed that the vetiver plant performed more effectively 

under the AMF-amended treatments, particularly in the presence of M1 AMF (Glomus hoi). 

This finding is supported by the results of the PLS-SEM model (Fig. 63), which displayed a 

higher path coefficient value through the direct path and the appropriate association AMF 

culture would improve the efficacy of mycophytoremediation potential.
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Based on the above findings, M1 AMF (Glomus hoi) proved to be more effective in the 

mycophytoremediation approach. To assess which AMF attributes (EEG, DEG, TG and CP), 

influence the accumulation of different PTEs in the vetiver plant's roots, a novel Sobol 

sensitivity analysis model was performed. The results of the analysis were shown in Fig. 64. 

The results from the first-order (FOSI) and total-order (TOSI) analyses indicated that TG was 

the most influential factor for the root accumulation of Ni, Cd, and Pb, compared to other 

factors. In Fig, for Cr, EEG and DEG were the most influential, while for Cu, CP emerged as 

the key factor.  The presence of Glomus hoi in the vetiver root system stimulates the production 

of glomalin protein, and a high level of colonization enhances the accumulation of toxic PTEs 

from chromium-asbestos mine waste-contaminated soil. The second-order sensitivity analysis 

examined the interactions between pairs of model inputs, allowing for the identification of the 

most influential input pairs by analyzing the variation or interaction between parameters. This 

model-based analysis highlights the dominance of AMF attributes, showing their superior 

ability to accumulate various PTEs and enhance the mycophytoremediation potential. 

 

Fig. 64: Evaluation of most sensitive AMF attributes (EEG, DEG, TG, CP) in presence of PTEs 

in roots (Cr, Ni, Cd, Pb, and Cu) of vetiver plant denoted through Sobol sensitivity analysis 



181 

 

Objective: 4 

4.4 Transformation of PTE-enriched vetiver (PTE-EV) and chromium-asbestos mine 

waste (CAMW) into beneficial organic products utilizing vermi-remediation technology  

This objective is divided into two subsections. The first subsection presents the results and 

discussion related to vermicompost derived from PTE-enriched vetiver (PTE-EV), while the 

following subsection focuses on vermicompost prepared from chromium-asbestos mine waste 

(CAMW). 

4.4.1 Different properties assessment of vermicomposted PTE-enriched vetiver (PTE-

EVVc) 

4.4.1.1 Collection of cow dung, PTE-EV, earthworm species, and preparation of 

vermicompost 

The PTE-enriched vetiver plants were harvested following the myco-phytoremediation 

process, during which the vetiver accumulated a substantial amount of PTEs in both root and 

shoot tissues. Since the shoot is exposed to the open environment, it poses a risk of re-

contaminating the surroundings through shedding. To address this concern, the shoot portions 

of the PTE-enriched vetiver were collected separately for further management through vermi-

remediation technology. The initial characterization of PTE-EV was: pH: 5.81±0.44, Organic 

carbon: 0.784±0.021%, total PTEs concentration (Cr: 209.58±13.59 mg/kg; Ni: 91.19±4.73 

mg/kg; and Pb: 31.42±2.04 mg/kg). Cow dung (CD) was procured from a nearby cattle yard 

for this experiment. The initial characteristics of cow dung were pH: 6.93±0.37; organic 

carbon: 1.78±0.08%, with limited PTEs concentration. Adult, uniform-sized (6-7 cm in length) 

clitellated specimens of Eisenia fetida earthworms, identified as active and healthy without 

abnormalities, were obtained from the institutional earthworm maintenance unit at the Indian 

Statistical Institute, Jharkhand. 

PTE-EV samples were combined with cow dung (CD) in two proportions [1:1 and 1:2 (by 

weight)], with 2.5 kg of each combination deposited into meticulously cleaned and perforated 

vermiunits [58 cm × 38 cm × 17 cm]. The mixes underwent pre-composting for approximately 

one week to ready the feedstock for earthworm incubation. The pre-composting process 

generally requires 6 to 7 days, contingent upon local meteorological conditions. Pre-

composting enables the comprehensive amalgamation of PTE-EV and CD, facilitates the 
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uniform dispersion of nutrients and pollutants, and creates optimal circumstances for 

earthworm proliferation and effective remediation (Chakraborty et al., 2022). Earthworms were 

initially subjected to only PTE-EV based feedstocks, resulting in significant mortality after 10 

days (Table 33).  

Table 33: Mortality percentage of Eisenia fetida in 

raw PTE-enriched vetiver (PTE-EV) 

Time (days) 
Count 

(Earthworms) 

Mortality 

percentage (%) 

0 25 0 

3 17 32 

5 9 64 

7 6 76 

10 2 99.2 

 

The experiment entailed the amalgamation of PTE-EV with CD in two distinct ratios.  Each 

vermiunit was subsequently combined with Eisenia fetida earthworms at a density of 10 worms 

per kg of substrate. The vermicomposting units utilising PTE-EV based mixes were sustained 

for 90 days at a moisture content of 50%-60%, with the mixtures being aerated two-times daily. 

The experiment was performed at the vermiunits of the Indian Statistical Institute in Jharkhand 

(Fig. 65). 

 

Fig. 65: The pictorial representation of vermi-remediation process of PTE- enriched vetiver  
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Each treatment was duplicated thrice. Samples were temporally collected from each vermibed 

(0, 30, 60, and 90 days) during the vermicomposting process to observe temporal variations. 

The samples were air-dried, sieved, and preserved in zip-lock bags for further analysis 

according to standard protocol (Page et al., 1982). Furthermore, new samples were obtained at 

same intervals and stored in sterilised bags at –20°C for microbial analysis (Liu et al., 2011). 

The subsequent combination of PTE-EV and CD was chosen for the investigation.  

Treatment 

Order 

Feedstocks 

preparation for 

Earthworms  

Mixing Proportions  

Ratio (Fresh weight based) 

T1 1:1 1.25 kg CD + 1.25 kg PTE-EV 

T2 1:2 0.83 kg CD + 1.67 kg PTE-EV  

T3 - 2.5 kg CD only (Positive control)  

T4 - 2.5 kg PTE-EV (negative control) 

 

4.4.1.2 Changes in physico-chemical properties of PTE-EV based vermi-beds 

Vermicomposting results in fluctuations in physico-chemical parameters, including pH, total 

organic carbon (TOC), available nitrogen (Avl N), available phosphorus (Avl P), and 

exchangeable potassium (Ex. K) in the feedstock (Table 34). 

Table 34: Physico-chemical attributes of vermicomposted feedstocks at the initial and final stage with statistical analysis (Mean±SD) 

Parameters 
0 day 90 days Statistical Significance 

T1 (1:1) T2 (1:2) T3 (CD) T1 (1:1) T2 (1:2) T3 (CD) LSD  p-values 

pH 6.68±0.31 6.47±0.48 6.93±0.23 7.23±0.52 7.39±0.63 7.37±0.44 0.034 0.0015 

TOC (%) 1.69±0.03 1.53±0.09 1.18±0.07 1.27±0.04 1.18±0.08 1.21±0.01 0.163 0.0024 

Avl. P (mg/kg) 104.36±5.93 94.37±7.98 117.82±9.02 183.24±11.06 159.12±13.11 198.36±11.97 1.46 0.0013 

Avl. N (mg/kg) 14.61±0.67 13.29±0.83 15.57±0.73 21.06±1.13 17.44±1.29 23.78±1.61 0.729 0.0043 

Ex. K (mg/kg) 158.06±9.04 137.41±11.91 146.85±12.43 289.92±19.22 268.48±23.16 296.74±26.09  0.431 0.0073 

T1: Cow dung + PTE-enriched vetiver (1:1); T2: Cow dung + PTE-enriched vetiver (1:2); T3: Cow dung only 

 

In this experiment, the feedstock's pH (T1 and T2) was originally slightly acidic owing to the 

acidic nature of the raw PTE-EV. Following the vermicomposting process, the pH of the 

vermibeds was elevated to a neutral level. Mubeen and Hatti (2018) revealed analogous 

findings, indicating that the calciferous glands of earthworms are essential for neutralising 

substances. At day 0, the TOC content in the T1 and T3 feedstock exceeded that of the T2 

feedstock (LSD= 0.163; p=0.0024). The TOC level considerably decreased after 90 days, 

following the sequence of vermibeds T2>T3>T1, and the ANOVA revealed a significant 

treatment interaction effect for TOC. The significant decrease in TOC in vermibeds signifies 

accelerated mineralisation of organically bound nutrients and the maturation of vermicompost 

(Sahariah et al., 2015). The Avl. N, Avl. P, and Ex. K values exhibited a significant increase 
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during the vermicomposting process, with the peak values recorded in T3 and T1, followed by 

T2 (Table 34). The presence of this nutrient facilitates the growth of earthworms in the 

vermiunits. Microbial activity and their extracellular enzymes significantly contributed to the 

enhancement of N–N mineralisation (Sahariah et al., 2015). Potassium-solubilizing 

microorganisms enhance the availability of potassium in feedstocks (Ghosh et al., 2023). The 

fast proliferation of P-solubilizing bacteria in the PTE-EV feedstocks presumably induced 

phosphatase activity, hence expediting phosphorus solubilisation in the feedstocks. Mondal et 

al. (2020) revealed that the microbial population in the digestive system of earthworms may 

have enhanced the availability of phosphorus in the feedstocks during vermicomposting.  

4.4.1.3 Temporal dynamics of microbial-enzyme activity in different feedstock 

The PTE-EV based feedstock was evaluated by analysing variations in important microbial-

enzyme activities, including MBC, DHG, FDA, BSR, and SIR. All metrics exhibited 

substantial increases during the 90-day duration, as demonstrated (Fig. 66). The abundance of 

PTEs in PTE-enriched vetiver (PTE-EV) adversely affects interspecific interactions among 

microbial populations and significantly increases microbial toxicity (Tripathy et al., 2014). In 

this experiment, MBC demonstrated a notable enhancement in both T1 and T2 feedstocks, 

indicating that the amalgamation of CD and PTE-EV fosters a more favourable environment 

for microbial proliferation. A two-way ANOVA with a Post-Hoc test (LSD) was conducted to 

demonstrate considerable temporal variation in microbial-enzymatic activity inside the 

vermibeds and the interaction impact of treatment and day. The MBC levels in different 

vermiunits post-incubation were seen in the following order: T3 > T1 > T2 (LSDDay = 1.92; 

pDay = 0.001) (Fig. 66a). The increase in MBC within the vermiunits suggests that earthworms 

promoted the proliferation of beneficial bacteria, likely expediting the mineralisation of carbon, 

phosphorus, and nitrogen (Biruntha et al., 2020). 
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Fig. 66: Temporal dynamics of microbial-enzymatic attributes during vermicomposting 

process 

 

The study also showed that treatments T1 and T3 displayed substantial levels of FDA and DHG, 

succeeded by treatment T2, during the entire incubation period (Fig. 66d, e). Treatments 

initially produced a slight rise in FDA and DHG rates (FDA pTreatment = 0.001, LSDTreatment = 

0.92; DHG pTreatment = 0.002; LSDTreatment = 0.38). After a duration of 30 days, the activity of 

FDA and DHG increased across all treatments. Chakraborty et al. (2022) indicate that the FDA 

can be decomposed by enzymes such as protease, lipase, and esterase under ideal circumstances 

that assess the biological activity of vermicomposted treatment. The peak DHG activity was 

recorded at 90 days in treatment T1 (Fig. 66e). Likewise, the active gut microbiomes of 

earthworms may enhance metabolic pathways that produce ATP, resulting in elevated 

dehydrogenase activity (Lipiec et al., 2016). In addition, the BSR and SIR denote the 

respiration rate of the feedstocks. Basal respiration (BSR) primarily relies on the existence and 
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function of the indigenous microbial population, which frequently exhibits metabolic inactivity 

(Banerjee et al., 2024). The elevation in BSR after 90 days was most significant in the T1 

treatment combination, followed by T2 (pDay = 0.002; LSDDay = 0.24) (Fig. 66b). Consequently, 

the increase in BSR signifies the expansion of indigenous microorganisms that proficiently 

mitigate toxicity induced by contaminants (Devi et al., 2023). Figure S3e illustrates that 

treatments T3 and T1 exhibited the highest SIR respiration at 90 days, with treatment S2 

following closely after (Fig. 66c). Banerjee et al. (2024) observe that zygomycete bacteria 

species are indicative of substrate-induced respiration. These bacteria are potent enhancers of 

plant growth and exhibit robust metabolic activity. The findings demonstrate that earthworms, 

together with their gut microbiota, effectively mitigated the adverse effects of PTEs (mostly 

Pb, Ni, and Cr) associated with microbial toxicity in feedstock amended with PTE-EV. 

4.4.1.4 Bioavailable PTEs fractions estimation and PTEs removal efficiency by 

earthworms 

This study intended to evaluate the effectiveness of vermi-remediation technology in 

diminishing the bioavailability of PTEs in vermicomposted products and enhancing their 

removal by earthworms during the PTE-EV vermicomposting process. The alterations in the 

bioavailable (BA) pattern of PTEs were examined to understand the dynamics during 

vermicomposting (Fig. 67 a, b). This investigation indicates that the BA percentages of PTEs 

(Cr, Ni, and Pb) in the feedstocks were elevated on day 0. Upon the completion of the 

vermicomposting process at 90 days, the concentration of PTEs in the vermibeds was 

drastically reduced (Fig. 67a). The existence of BA forms of PTEs influences their toxicity 

potential because to their accessibility (Amir et al., 2008). In T3, the concentration of 

bioavailable PTEs was minimal. The bioavailable portions of PTEs, particularly Cr and Ni, in 

T2 were elevated on day 0, perhaps expediting the Eisenia fetida-mediated detoxification of 

PTEs during vermicomposting. A comparable pattern was documented by Chakraborty et al. 

(2022) in their investigation of the vermicomposting of tannery sludge waste enriched with 

PTEs. Research indicates that metallothionein proteins in the gastrointestinal tract of 

earthworms are crucial for detoxifying PTEs by creating organo-metallic complexes that store 

PTEs in stable forms for a longer period (Dai et al., 2004). The removal efficiency for Pb was 

greatest in T1 (6.31 folds) compared to T2 (5.92 folds) (Fig. 67b). Prior research has 

emphasised the capacity of earthworms to sequester certain elements from various waste 

materials (Goswami et al., 2014; Sarkar et al., 2023).  
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Fig. 67: PTEs dynamics during vermicomposting process. (a) changes in bioavailable PTEs 

concentration in vermi-beds; (b) PTEs removal efficiency ratio by earthworm 

 

The greatest removal effectiveness was noted for Cr (T1: 6.17 folds, T2: 5.84 folds) and Pb, 

followed by Ni (T1: 5.16 folds, T2: 3.98 folds), regardless of the treatments applied. The 

efficacy of earthworms in removing PTEs was essential in eradicating harmful materials from 

the vermicompost. A more significant decrease in PTE was seen in T1 PTE-enriched vetiver 

feedstocks with considerable earthworm proliferation. The results indicate that the ideal 

proportion of cow dung in the feed mixture may efficiently function as a source of carbon and 

nutrients for earthworms, enabling them to flourish under challenging conditions and 

successfully execute the restoration process. The data present strong evidence that the starting 

concentrations of PTEs, their chemical characteristics, and the substrate morphology are 

essential determinants affecting the form and degree of PTEs reduction in vermicomposting 

systems (Nannoni et al., 2011). 

4.4.1.5 Dynamics of the earthworm population 

The dynamics of the earthworm population in PTE-EV based feedstocks during 

vermicomposting are illustrated (Fig. 68). Population increase is a critical indicator of 

feedstock appropriateness for earthworm species utilised in vermicomposting. As indicated in 

the preceding section, earthworms could not endure the raw PTE-EV feedstock in the absence 

of cow dung, resulting in a substantial population reduction within 10 days (Table S1). The 

mortality of earthworms in PTE-EV vermibeds was likely attributed to the toxicity of PTEs 

(mostly Ni, Cr, and Pb) and the deficient nutrition supply. E. fetida, as a surface-dwelling 
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biomass feeder, flourishes optimally on crumbly or granular feedstocks (Das et al., 2020). 

Conversely, the earthworm population exhibited a substantial increase (T1: 7.88-fold and T2: 

5.72-fold) over time in the cow dung mixed PTE-EV-vermibeds in our investigation (Figure 

S1). After 90 days, the earthworm population in the various feedstocks ranked as follows: T3 

> T1 > T2 (p for treatment = 0.001; LSD for treatment = 1.23). The outcome arises from the 

pH of the feedstocks transitioning to a neutral range and an improvement in nutrient (NPK) 

levels, which facilitates the proliferation of the earthworm population during vermicomposting. 

The result was analogous to that of Banerjee et al. (2025). 

 

Fig. 68: Earthworm count dynamics during vermicomposting of PTE-EV 

4.4.1.6 PTEs content estimation in earthworm gut after the experiment 

The earthworm (Eisenia fetida) efficiently mitigates the threats associated with PTEs in 

vermicomposted PTE-EV due to its adeptness in accumulating PTEs. The accumulation of 

PTEs in the earthworm gut was much greater in T2, as seen in Table 35, followed by T1 and 
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T3. E. fetida shown a propensity to uptake PTEs in the order of Ni > Pb > Cr, irrespective of 

the treatment situations.  

Table 35: Bioaccumulation factor of 

earthworm (Eisenia fetida) in different 

vermibeds 

Treatments Cr Ni Pb 

T1 (1:1) 0.44 0.84 0.65 

T2 (1:2) 0.44 0.76 0.66 

T3 (CD) 0.31 0.57 0.43 

The accumulation of PTEs in the earthworm gut may be ascribed to the presence of certain 

cysteine-rich proteins, such as metallothioneins, which facilitate the chelation of PTEs via their 

thiol groups (Homa et al., 2016). Concentrations of PTEs, including Ni, Pb, and Cr, in 

earthworms were enhanced in T2 and T1 mixes, suggesting that the PTE-EV and CD blend 

fostered favourable circumstances for earthworm growth, hence promoting the 

bioaccumulation of PTEs. Eisenia species serve as efficient bio-accumulators of hazardous 

PTEs, facilitated by sophisticated cellular defence systems (Suleiman et al., 2017). Earthworms 

sequester metals such as Ni, Cr, and Pb in stable, organically bound forms within 

chloragogenous tissues (Stürzenbaum et al., 2017), which remain immobilised and non-toxic 

in the environment post-mortem, thereby facilitating a sustainable detoxification process for 

PTEs through vermiremediation technology. 

4.4.1.7 The relationship determination between microbial-enzymatic activity and PTEs 

bioavailability dynamics: An Insight through correlation technique  

Pearson's correlation statistics were utilized to examine the impact of bioavailable PTEs on 

microbial-enzymatic activity. The investigation investigated microbiological characteristics 

(MBC, DHG, FDA, BSR, SIR) and bioavailable potentially toxic elements (Pb, Cr, Ni). Figure 

S6 demonstrates a significant negative association (shown by the brown colour) between 

available PTEs and microbial and enzymatic metrics during the final phase of 

vermicomposting. This may be ascribed to a significant reduction in the bioavailability of PTEs 

such as Cr, Pb, and Ni during the maturation period, together with an elevation in microbial 

activity inside the vermibeds (Fig. 69). Consequently, substantial microbial activity was noted 

at maturity, ascribed to the diminished harmful effects of PTE-EV. Shi et al. (2013) revealed 

that correlation analysis efficiently supports the interactions between microorganisms and 

PTEs. 
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Fig. 69: Pearson-correlation analysis revealed impact of bioavailable PTEs on microbial 

attributes 

4.4.2 Several parameters determination of vermicomposted chromium-asbestos mine 

waste (CAMW-VC) 

4.4.2.1 Acquisition of cow dung, CAMW, and earthworm species 

A simple random sampling technique was applied to collect the CAMW from the Roro mine 

in Jharkhand, India and store into labelled plastic containers. The initial characterization of 

CAMW was: pH: 6.04±0.22, EC: 0.28±0.1 dS m-1, Organic carbon: 0.19± 0.04%, total PTEs 

concentration (Cr: 2018.28±88.35 mg/kg; Ni: 1484.88±47.67 mg/kg; Cd: 8.08±0.43 mg/kg; 

Pb:159.58±7.84 mg/kg; and Cu: 162±8.52 mg/kg) (Banerjee et al., 2023).  The cow dung (CD) 

was collected from an adjacent cattle yard for use in this experiment. The initial properties of 

cow dung were pH: 7.34±0.41, EC: 0.39±0.02 dS m-1, Organic carbon: 1.41± 0.06%, with 

negligible PTEs content. Adult, uniform size (6-7 cm in length) clitellated specimens of Eisenia 

fetida earthworms, characterized as active and healthy without deformities, were procured from 

the institutional earthworm maintenance unit at the Indian Statistical Institute, Jharkhand. This 

epigeic earthworm (Eisenia fetida) facilitates rapid reproduction, adaptability to varying 

temperature and humidity conditions, high decomposition rate, enhances nutrient content, 

resilience in toxic metal-contaminated environments, and effectively removes metals. These 
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characteristics offer a promising choice for vermi-remediation purposes (Bhattacharya and 

Kim, 2016).   

4.4.2.2 Preparation of vermicompost 

CAMW samples were mixed with cow dung (CD) in two ratios [1:1 and 1:2 (by weight)], with 

25 kg of each mixture placed into thoroughly cleaned (with water), and perforated vermiunits 

[2.5 feet × 4.75 feet × 1.1 feet] (Fig. 70).  

 

Fig. 70: Pictorial depiction of chromium-asbestos mine waste vermicomposting process 

These mixtures were pre-composted for about a week to prepare the feedstock for earthworm 

incubation. Typically, the pre-composting process takes 6–7 days depending on local weather 

conditions. Pre-composting serves as an effective method for thermally stabilizing feedstock 

prior to adding earthworms, enhancing their survival and decomposition efficiency (Hussain et 

al., 2018). Pre-composting ensures the thorough mixing of CAMW and CD, promotes the even 

distribution of nutrients and contaminants, and establishes favourable conditions for earthworm 

proliferation and efficient waste remediation (Chakraborty et al., 2022). This process achieved 

a stable pH (range of 6.6-6.98) and a feedstock temperature of around 31°C, which are ideal 

conditions for earthworm activity. The following combination of CAMW and CD were selected 

for the research. 
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Treatment 

Preparation of Feedstocks 

for Earthworms  
Proportion of mixing  

Ratio (Based on Fresh weight) 

T1 1:1 12.5 kg CD + 12.5 kg CAMW 

T2 1:2 8.33 kg CD + 16.67 kg CAMW  

T3 - 25 kg CD only (Positive control)  

T4 
- 

25 kg CAMW only (negative 

control) 

 

Earthworms were first exposed to solely CAMW-based feedstocks, and substantial fatality had 

been identified after a week (Table 36).  

Table 36: Mortality percentage of Eisenia fetida 

in raw chromium-asbestos mine waste 

(CAMW) 

Time 

(days) 

Count 

(Earthworms) 

Mortality 

percentage 

0 250 0 

3 119 47.6 

5 43 17.2 

7 11 4.4 

8 3 1.2 

 

Thus, the experiment involved combining CAMW with CD in two different ratios. This ratio 

was determined based on prior research and is applicable to this region (Mondal et al., 2020; 

Chakraborty et al., 2022). Each vermiunits was then mixed with Eisenia fetida earthworms at 

a density of 10 worms per kg of substrate. The vermicomposting units with CAMW-based 

mixtures were maintained for 90 days at a moisture level of 50%-60%, with the mixtures being 

turned twice daily to ensure adequate aeration. Each treatment was replicated three times. 

During the vermicomposting process, samples were taken temporally from each vermibed (0, 

30, 60, and 90 days) to monitor changes over time. The collected samples were air-dried, 

sieved, and stored in zip-lock bags for further analysis following standard procedure (Page et 

al., 1982). Additionally, fresh samples were collected at the same intervals and kept in sterilized 

bags at –20°C for microbial analysis (Liu et al., 2011). 

4.4.2.3 Persistence of bioavailable PTEs fractions and removal efficiency by earthworms 

This study aimed to estimate the efficacy of vermi-remediation technology in reducing the 

bioavailability of PTEs and facilitating their removal by earthworms during the CAMW 
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vermicomposting process. The changes of PTEs bioavailable (BA) pattern were investigated 

to gain insight dynamics during vermicomposting (Fig. 71a, b). This study reveals that the BA 

fractions of PTEs (Cr, Cd, Ni, Pb, and Cu) in the feedstocks were higher at day 0. After 

completion of vermicomposting process at 90 days, PTEs concentration was decreased 

significantly (Cr_LSD: 1.18; p: 0.009; Ni_LSD: 0.78; p: 0.004) in the vermibeds. The presence 

of BA forms of PTEs determines their potential for toxicity as they are easily accessible (Amir 

et al., 2008). In T3, the concentration of bioavailable PTEs was negligible. The BA form of Ni 

and Cr was decreased in the following order: T2 (Ni: 80.22%; Cr: 81.69%) ≥ T1 (Ni: 77.24%; 

Cr: 80.72%) > T3 (Ni: 53.13%; Cr: 62.5%) (Fig. 71a). Since, the bioavailable fractions of PTEs 

(mainly Cr and Ni) in T2 had higher at day 0 day, that might accelerate the Eisenia fetida-

mediated detoxification of the PTEs during vermicomposting. A similar trend was reported by 

Chakraborty et al. (2022) in their study on the vermicomposting of PTEs-rich tannery sludge 

waste. The reduction in all PTEs levels, highlighted the improved detoxification process 

through the formation of stable humic substances in the vermiunits (Paul et al., 2020). Studies 

have shown that the metallothionein proteins in the earthworm’s gastrointestinal tract play a 

key role in detoxifying PTEs by forming organo-metallic complexes that help to sequester 

PTEs in resistant forms for prolonged periods (Dai et al., 2004). A substantial decrease in BA 

Pb was seen in T2, but the reduction of BA Cd was most pronounced in T1, followed by T2 

(Fig. 1a). The removal efficiency for Cd was highest in T1 (5.12 folds) as compared T2 (4.04 

folds) (Fig. 71b). This may result from the low starting concentration of Cd in T1, which likely 

caused less toxicity to the earthworms, allowing them to absorb Cd more effectively than in 

T2. Previous studies have highlighted the ability of earthworms to accumulate specific 

elements from different wastes (Goswami et al., 2014; Sarkar et al., 2023). In case of Cu, the 

initial concentration was lower as compared with other PTEs across all the vermibeds (Fig. 

71b). Additionally, vermicomposting resulted in a 53% decrease in Cu levels in T1 (Fig 1b). 

The highest removal efficiency was observed in case of Cr, Ni, Cd, and Pb followed by Cu 

irrespective of treatments. The removal efficiency of PTEs by earthworms played a key role in 

eliminating hazardous elements from the vermicompost. Overall, greater TE reduction was 

observed in T1 chromium-mine waste feedstocks exhibiting substantial earthworm 

proliferation. The results indicate that the equal ratio of (1:1) CAMW and CD mixture in T1 

treatment offered the most suitable conditions for earthworm development, promoting the 

bioaccumulation of toxic PTEs. The findings suggest that the optimal ratio of cow dung in the 

feed mixture may effectively serve as a carbon and nutrition source for earthworms to thrive in 

adverse environments and perform the remediation process successfully. These findings 
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provide compelling evidence that the initial concentrations of PTEs, their chemical properties, 

and the substrate morphology are critical factors influencing the type and extent of PTEs 

reduction in vermicomposting systems (Nannoni et al., 2011).  

 

Fig. 71: (a) Variability of PTEs concentration between days 0 and 90 in bioavailable fractions 

(mg kg⁻¹); (b) The TEs removal efficiency of Eisenia fetida during the vermicomposting 

process. Here, T1: 1:1 [CD:CAMW]; T2: 1:2 [CD:CAMW]; T3: [CD only] 
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4.4.2.4 Evaluation of earthworm’s status during vermicomposting 

4.4.2.4.1 Earthworm population dynamics 

During vermicomposting, the earthworm population dynamics in CAMW-based feedstocks are 

shown (Fig. 72). Population growth serves as an important measure of feedstock suitability for 

earthworm species used in vermicomposting. As noted in the previous section, earthworms 

were unable to survive in the raw CAMW feedstock without cow dung, and their population 

significantly declined within a week (Table 36). The mortality of earthworms in CAMW 

vermibeds was likely caused by the high toxicity of PTEs (mainly Ni, Cr and Pb) and the low 

nutrient content of the chromium-asbestos mine waste. E. fetida, being a surface-dwelling 

biomass feeder, thrives best in crumbly or granular feedstocks (Das et al., 2020). In contrast, 

the earthworm population significantly increased (T1: 5.90 fold and T2: 4.93 fold) over time 

in the cow dung mixed CAMW-vermibeds in this study (Fig. 72). After 90 days, the earthworm 

population in the different feedstocks followed this order: T3 > T1 > T2 (p for treatment = 

0.003; LSD for treatment = 12.90). The result occurs due to the feedstocks’ pH shifted towards 

neutral range, and an enhancement in nutrient (NPK) status, which supports the growth of the 

earthworm population during vermicomposting. According to Edwards et al., (2010) 

earthworm species normally grow over a wide range of pH (5 to 11). Remarkably, despite being 

exposed to CAMW containing toxic elements, the earthworm population growth in T1 was 

statistically similar to T3 (only cow dung). This finding aligned with statistical test, as the two-

way ANOVA revealed a significant increase (LSDTxD = 18.25, p = 0.002) in earthworm 

population in T1 and T3 feedstocks followed by T2. The earthworm population in T2 was 

slightly decreased, suggesting an adverse environment due to the feedstock's composition, 

which contained a doubled ratio of toxic CAMW waste. The initial shock induced by CAMW, 

due to its slight acidity and PTEs content, could be effectively mitigated by the earthworms 

over time in T1. This adaptability may be linked to the nature of feedstocks and also unique 

stress repair mechanisms at the cellular and DNA levels in earthworms, which enhance their 

resilience to stressful conditions (Vasseur and Bonnard, 2014).  
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Fig. 72: Temporal variation of earthworm count during vermicomposting. Here, T1: 1:1 

[CD:CAMW]; T2: 1:2 [CD:CAMW]; T3: [CD only] 

 

4.4.2.4.2 Analysis of PTEs content in earthworm gut 

Earthworm (Eisenia fetida) effectively prevents PTEs-related environmental hazards in 

vermicomposted CAMW owing to its proficient PTEs-accumulating capabilities. PTEs 

accumulation in earthworm gut was significantly higher in T2 as depicted in Table 37, followed 

by T1 and T3.  

Table 37: Bioaccumulation factor of earthworm (Eisenia fetida) in 

different vermibeds 

Treatments Cr Ni Cd Pb Cu 

T1 (1:1) 2.81 2.58 1.12 1.87 0.88 

T2 (1:2) 3.03 2.76 1.27 3.04 0.37 

T3 (CD) 0.72 0.80 0.33 0.89 0.51 

 

Overall, E. fetida exhibited a tendency to accumulate PTEs in the sequence: Cr > Pb > Ni > Cd 

> Cu, regardless of the treatment conditions. The tendency of PTEs accumulation in earthworm 

gut might be attributed to the presence of certain cysteine-rich proteins like metallothioneins 

which help to chelates PTEs through their thiol groups (Homa et al., 2016). PTEs including Ni, 

Pb, and Cr levels in earthworms were also elevated in T2 and T1 mixtures, indicating that the 
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CAMW and CD blend created optimal conditions for earthworm development, enhancing the 

bioaccumulation of PTEs. Eisenia species are effective bio-accumulators of toxic PTEs, 

supported by advanced cellular defence mechanisms (Suleiman et al., 2017). Notably, 

earthworms sequester metals like Cd, Ni, Cr and Pb in stable, organically bound forms within 

chloragogenous tissues (Stürzenbaum et al., 2013), which remain immobilized and non-toxic 

in the environment even after the worms’ lifespan, promoting a sustainable PTEs detoxification 

process through vermiremediation technology. 

4.4.2.4.3 Periodic variation of stress enzymes of earthworms 

In earthworms, certain enzymes act as quick and reliable indicators of their physiological 

response to PTEs toxicity (Łaszczyca et al., 2004). Antioxidant enzymes are considered 

effective molecular biomarkers of oxidative stress, representing the extent of earthworms' 

response to toxic PTEs exposure (Zheng et al., 2013). This antioxidant defense system includes 

enzymes like catalase, superoxide dismutase, and peroxidase, which work to protect cells from 

oxidative damage. SOD converts two superoxide anion radicals (⋅O2−) into molecular oxygen 

and hydrogen peroxide (H₂O₂), while POX and CAT prevent the accumulation of H₂O₂ in cells 

to maintain cellular homeostasis and counteract the harmful effects of ROS (Chao et al., 2016). 

Fig. 73(a-c) illustrates the effects of PTEs exposure over periods of 1, 30, 60, and 90 days on 

the activities of POX, CAT, and SOD in E. fetida. In T3 (cow dung), only minimal changes in 

activity were observed in the earthworms. In contrast, the activities of SOD, CAT, and POX in 

earthworms fed with CAMW-based feedstocks showed a significant increase from day 1, 

peaking around day 60, before gradually declining This increase reflects the synthesis of SOD 

to counteract excess ROS (Chao et al., 2016). The synthesis of CAT and POX activity in 

earthworms is a response and adaptation mechanism to PTEs stress, enabling the breakdown 

of H₂O₂. As shown Fig. 73a, 73c the activity of CAT and POX in earthworms significantly 

increased across all treatments. This rise in CAT, and POX activity during the initial exposure 

periods was attributed to the elevated concentration of PTEs in the vermibeds. However, by 

day 90, POX, and CAT activity decreased as the vermicomposted products reached maturity, 

following the order T2 > T1 > T3. The higher antioxidant enzyme activity observed in the T2 

treatment was due to the double ratio of CAMW present, enabling the earthworms to counteract 

PTEs-induced stress more effectively. In contrast, the antioxidant enzyme activity in T1 was 

comparable to that in T3, indicating that the earthworms in these treatments successfully 

mitigated the stress and flourished in the vermibeds. A similar trend is observed with the 

toxicity effects of soil PTEs on E. fetida (Liu et al., 2015). These findings from this research 

indicate that stress enzymes safeguard earthworm cells from oxidative damage. By 90 days, 
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PTEs-induced stress was reduced in T1, and earthworm activity remained robust in these 

vermibeds, highlighting the efficiency of proper vermicomposting process. 

 

Fig. 73: Dynamics of stress enzymes activity during vermicomposting of various treatment 

combinations of chromium-asbestos mining waste vermicompost (CAMW). Here, T1: 1:1 

[CD:CAMW]; T2: 1:2 [CD:CAMW]; T3: [CD only] 

 

4.4.2.5 Microbial dynamics during vermicomposting process 

The CAMW-based feedstock was assessed by examining changes in key microbial activities, 

including MBC, MBN, MBP, BSR, and SIR. All parameters showed significant increases over 

the 90-day period, as shown (Fig. 74a-e). The richness of PTEs in CAMW has a detrimental 

effect on interspecific interactions across microbial communities and greatly enhances 

microbial toxicity (Tripathy et al., 2014). In this experiment, MBC exhibited a significant 

increase in both T1 and T2 feedstocks, suggesting that the combination of CD and CAMW 

creates a more supportive environment for microbial growth. The two-way ANOVA with Post-

Hoc test (LSD) was performed to indicates the temporal variation in microbial-enzymatic 

activities within the vermibeds and the treatment-day interaction effect were significant. The 

MBC level in various vermiunits after the incubation period was followed the sequence: T3> 

T1> T2 (LSDTreatment = 1.57; pTreatment = 0.003). Similarly, the CAMW-based feedstock T1 

showed a more noticeable increase in MBN (1.70 folds) and MBP (2.78 folds) than T2. This 
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trend may be due to the stress caused by PTEs in treatment T2, leading to reduced microbial 

activity (Figure. 74b-c). The rise in MBC, MBP, and MBN in the vermiunits indicates that 

earthworms facilitated the growth of beneficial bacteria, potentially accelerating the 

mineralization processes of carbon, phosphorus, and nitrogen (Biruntha et al., 2020). 

 

Fig. 74: Periodic Variation in microbiological parameters under different treatment 

combinations chromium-asbestos mining waste vermicompost (CAMW). Here, T1: 1:1 

[CD:CAMW]; T2: 1:2 [CD:CAMW]; T3: [CD only] 

 

Basal respiration (BSR) largely depends on the presence and activity of the native microbial 

community, which is often metabolically inactive (Banerjee et al., 2024). The present study 

employs the BSR and SIR to indicate the feedstocks' respiration rate. The increase in BSR after 

90 days was most pronounced in the treatment combination of T1, followed by T2 (pTreatment = 
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0.009; LSDTreatment = 0.55) (Figure. S3d). Therefore, the rise in BSR indicates the proliferation 

of autochthonous microorganisms that effectively combat toxicity caused by pollutants (Devi 

et al., 2023). As shown in Fig. 73e, treatment T3 and T1 had the greatest SIR respiration in 90 

days, followed by S2. Banerjee et al. (2024) notes that zygomycete microbial species are 

characteristic of substrate-induced respiration. These microorganisms are strong promoters of 

plant growth and have highly resilient metabolic activity. 

Additionally, microbial activity in the vermibeds was evaluated by analyzing various enzyme 

activity profiles, including FDA, DHG, U, AP, and BG, which were an important part of the 

assessment (Fig. 75 f-j). The current research revealed that treatments T1 and T3 exhibited 

significant levels of FDA and DHG, followed by treatment T2, from the initial phase of the 

incubation period to its end. Although treatments initially resulted in a minimal increase in 

FDA and DHG rates (FDA pDay = 0.001, LSD = 0.95; DHG pDay = 0.003; LSD = 0.48). 

However, after a period of 30 days, the activity of FDA and DHG elevated in all treatments. 

According to Chakraborty et al. (2022), the FDA can be broken down by enzymes such as 

protease, lipase, and esterase under optimal conditions which measure the biological activities 

of vermicomposted treatments. The highest DHG activity was observed at 90 days in treatment 

T1 (Fig. 75g). Similarly, the active gut microbiomes of earthworms may stimulate metabolic 

processes that generate ATP, leading to an increase in dehydrogenase activities (Lipiec et al., 

2016). These findings indicate that earthworms, together with their gut microbiota, were able 

to reduce the negative impacts of PTEs (mainly Cr and Ni) induced microbial toxicity in 

feedstock amendment with CAMW. A precise evaluation of the total hydrolase activity shown 

by the microorganisms in the vermibeds may be achieved by examining a specific category of 

enzymes, notably AP, BG, and UR. Therefore, the activity of hydrolase enzymes effectively 

regulates the concentrations of nutrients, such as phosphorus, carbon, and nitrogen (Aponte et 

al., 2020). A substantial increase in BG activity (1.77-2.01 folds) was detected in chromium-

asbestos mine waste vermiunits after 90 days (LSDDay= 1.05, pDay = 0.001). As shown in Fig. 

75j, T1 exhibited more β-D activity than T2 (LSDTreatment = 0.91, pTreatment = 0.004).  The BG 

enzymes, which are cellulolytic enzymes, accelerate the mineralization of organic substances 

by breaking down bonds of β-D-glucose Significant increases in U activity were seen in T1 

(pTratment = 0.002, pDay = 0.005), followed by T2 (LSDTreatment = 0.90, LSDDay = 1.04) over time 

(Fig. 2f). The extensive burrowing behavior of earthworms, in addition to gut-assisted nitrogen-

fixing bacteria, facilitates aeration in vermipits, thereby increasing the generation of urease and 

overall nitrogen mineralization (Ge et al., 2020). In T1, and T2, the alkaline phosphatase 
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activities have shown a substantial (LSDTreatment = 1.87, pTratment = 0.002) increase of 1.67–2.05 

times (Fig. 2i). The enzymes AP and UR are inducible and play a role in breaking down organic 

materials during the composting process (Sahariah et al., 2015). Urease catalyzes the hydrolysis 

of organic molecules, producing ammonium-N that remains accessible for plant uptake. On the 

other hand, phosphatase aids in the conversion of phosphoric esters, indicating a significant 

diversity in the functional microbial populations within CAMW-based vermibeds (Ghosh et 

al., 2022). Overall result implies that earthworms enhanced unfavourable feedstock conditions, 

promoting an ideal environment for microbial proliferation by mitigating CAMW-induced 

stress during vermicomposting. To support this hypothesis, microbial diversity was assessed 

using Phospholipid fatty acid profiling. 

 

Fig. 75: Temporal dynamics of enzymatic profile activity during CAMW-vermicomposting. 

Here, T1: 1:1 [CD:CAMW]; T2: 1:2 [CD:CAMW]; T3: [CD only] 
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4.4.2.6 Alterations in chemical properties and nutrient benefit nutrient ratio of CAMW-

based vermibeds 

During vermicomposting, the variations in physico-chemical parameters such as pH, EC, 

organic C (TOC), available N (Avl N), available P (Avl P), and Ex K in the feedstock (Table 

38).  

Table 38: Physico-chemical attributes of vermicomposted feedstocks at the initial and final stage with statistical analysis (Mean±SD) 

Parameters 

0 day 90 days Statistical Significance 

T1 (1:1) T2 (1:2) T3 (CD) T1 (1:1) T2 (1:2) T3 (CD) LSD  p-values 

pH 6.78±0.26 6.45±0.31 6.98±0.39 7.14±0.34 7.33±0.49 7.07±0.33 0.021 0.001 

EC (ds m-1) 0.29±0.01 0.27±0.013 0.23±0.009 0.43±0.014 0.34±0.017 0.47±0.011 0.022 0.006 

TOC (%) 1.31±0.04 1.28±0.07 1.37±0.08 0.91±0.02 0.71±0.01 0.83±0.04 0.255 0.004 

Avl. P (mg/kg) 163.41±3.19 158.26±4.78 175.09±5.98 274.93±9.76 231.99±10.87 280.89±12.47 1.66 0.007 

Avl. N (mg/kg) 11.48±0.32 10.97±0.17 11.76±0.19 13.96±0.43 12.7±0.37 14.2±4.12 0.577 0.002 

Ex. K (mg/kg) 174.24±8.46 161.97±7.81 183.96±9.73 436.37±23.77 333.94±17.84 419.87±27.84  0.50 0.009 

T1: Cow dung + Chromium-asbestos mine waste (1:1); T2: Cow dung + Chromium-asbestos mine waste (1:2); T3: Cow dung only 

*Degree of freedom (df of treatment): 2; Confidence interval: 95% 

 

In this experiment, the feedstock's pH (T1 and T2) was initially mildly acidic due to the acidic 

character of the raw CAMW. After the vermicomposting process, the vermibeds' pH increased 

by 1.05–1.13 times, reaching a neutral value. This finding suggests that the decomposition 

process likely reached a state of equilibrium. Similar results were reported by Mubeen and 

Hatti (2018), who found that the calciferous glands of earthworms play a crucial role in 

neutralizing substances. The EC value in T1 increased by 1.48 times from 0 to 90 days, while 

in T2, it increased by 1.25 times over the same period. At 0 days, the TOC concentration in the 

T1 and T3 feedstock was higher than that in the T2 feedstock (LSD= 0.255; p=0.04).  The TOC 

level was significantly reduced after 90 days, following the pattern of vermibeds T2>T3>T1, 

and the ANOVA indicated that the treatment interaction effect was significant for TOC. The 

BR ratio of organic carbon was the lowest among all attributes across all treatments. The 

substantial reduction in organic carbon in vermibeds indicates faster mineralization of 

organically bound nutrients and the maturity of vermicompost (Sahariah et al., 2015). The Avl. 

N, Avl. P, and Ex. K values showed a substantial rise during the vermicomposting process, with 

the highest observed values in T3 and T1, followed by T2. Based on the NBR analysis indicated 

that overall nutrient levels were significantly higher in T1 (Avl. N: 0.21; Avl. P: 0.68; Ex. K: 

1.50) compared to T2 (Avl. N: 0.15; Avl. P: 0.46; Ex. K: 1.06).  
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Fig. 76: Assessment of the nutrient benefit ratio of various feedstocks during 

vermicomposting. Here, T1: 1:1 [CD:CAMW]; T2: 1:2 [CD:CAMW]; T3: [CD only] 

 

(Fig. 76). This nutrient availability supports the growth of earthworms in the vermiunits. These 

findings indicate that the vermicomposting process, facilitated by E. fetida, greatly enhanced 

the N availability in all feedstocks. Microbial activity, along with their extracellular enzymes, 

played a key role in promoting further N–N mineralization (Sahariah et al., 2015). Among all 

attributes, Ex. K exhibited the highest nutrient benefit ratio compared to the others. These 

results may be attributed to the presence of potassium-solubilizing microorganisms, which 

increase the availability of potassium in the feedstocks (Ghosh et al., 2023). The rapid increase 

of the P-solubilizer bacterial population in the CAMW-feedstocks likely stimulated 

phosphatases, hence accelerating the solubilization of phosphorus in the feedstocks. The data 

suggest that a notable rise in N and P-specific enzymes, like urease and AP, was the main factor 

contributing to a substantial increase in the availability of these two crucial macronutrients. As 

reported by Mondal et al. (2020), the microbial population in the earthworms' digestive system 

may have increased the availability of P in the feedstocks during vermicomposting. Similarly, 
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the compaction of organic matter in the earthworm gizzards increases its surface area, which 

helps improve the availability of potassium (Goswami et al., 2018). 

4.4.2.7 Microbial community shifts and diversity in vermibeds: Analysis via PLFA and 

diversity indices 

The PLFA analysis was performed to understand the functional diversity of microbial 

communities within various CAMW-based vermibeds (Fig. 77). This analysis not only 

provides insight into the microbial community structure but also reveals shifts in microbial 

groups under different environmental conditions (Jha et al., 2024). The primary aim of this 

study was to evaluate CAMW-based feedstock's potential for vermi-remediation, thereby 

determining the optimal feedstock combination for future applications. The active PLFA levels 

in the vermibeds showed variation, as illustrated (Fig. 78b). The trend in total PLFA was T3 > 

T1 > T2 (LSD = 5.08; p total PLFA = 0.001). The findings suggest that T3 ≥ T1exhibited greater 

diversity of both gram-negative and gram-positive bacteria compared to T2 (Gram-negative: 

p=0.001; LSD = 1.17; Gram-positive: p= 0.003; LSD = 2.15). This trend shows that T3 had the 

highest bacterial diversity across all the treatments. Gram-negative bacteria exhibit a high 

tolerance to challenging environmental conditions (Eberlein et al., 2018). Thus, the relatively 

lower gram-negative bacterial signatures were observed in the PLFA profiles of T2 and T1 

compared to T3. These findings suggest that the increase in gram-positive bacterial 

communities, along with a decrease in gram-negative populations, likely served as a stress-

relieving phenomenon in the CAMW-based vermibeds. Gram-negative bacteria have an outer 

membrane made of lipopolysaccharides, which enhances their structural integrity, increases the 

negative charge of the cellular membrane, and protects them from different PTEs stress 

(Gómez-Brandón et al., 2012).  In this research this adaptability might support the microbial 

population, aiding the degradation of hazardous CAMW. The PLFA study underscored the 

existence of these bacteria, accentuating their vital function in maintaining stability and 

microbial activity under PTES stress. Consequently, it was clearly demonstrated that the 

maturation of vermicompost promotes the proliferation of Gram-positive bacteria while 

inhibiting the Gram-negative bacteria.  The shift from Gram-negative to Gram-positive provide 

clear evidence for stress adaptation of microbial community caused by toxic PTEs in the 

vermibeds. This shift enhances microbial resilience, as Gram-positive bacteria have a strong 

cell wall construction that affords grater resistance to unfavourable environmental conditions. 

A similar tread was observed in a study related to toxic paper mill wastes vermicomposting 
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(Ganguly and Chakraborty 2021). PLFA levels for eukaryotes, were significantly higher in T3 

[CD] compared to the other treatments, whereas actinomycetes were elevated in T2 (Fig. 77a). 

 

Fig.77: PLFA-based analysis depicted (a) microbial community structure, and (b) fatty acid 

profile diversity in CAMW-vermicomposted product. Here, T1: 1:1 [CD:CAMW]; T2: 1:2 

[CD:CAMW]; T3: [CD only]. 
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The T3 feedstock, made primarily of cow dung, provided a favorable environment for diverse 

microbial communities. When mixed with CAMW at various ratios, it enhanced CAMW 

quality, supporting microbial growth and diversity. These findings align well with earlier 

studies (Devi et al., 2020). Between the two ratios (1:1 and 1:2) of CAMW treatments, 

microbial proliferation was more effective in treatment T1, with increased levels of straight-

chain (LSD: 1.42; p= 0.007), branched-chain fatty acids (LSD: 1.13; p= 0.002), and 

monounsaturated (MUFA) (LSD: 0.47; p= 0.003), as well as polyunsaturated fatty acids 

(PUFA) (LSD: 0.62; p= 0.001) and Dimethyl Acetal (DMA) (LSD: 0.48; p= 0.007) in T2. 

According to Zhao et al. (2018), branched-chain fatty acids serve as reliable markers for 

sulfate-reducing anaerobic bacteria (Desulfovibrio sp.). These findings suggest that 

earthworms help maintain an aerobic environment. Treatment T3 showed higher levels of 

MUFA and branched-chain fatty acids (Fig. 77b). The PLFA profiles can be practically 

interpreted through the stress ratio. Gram-negative bacteria produce monounsaturated fatty 

acids during active metabolism, which convert to cyclopropane fatty acids when metabolic 

rates slow due to contaminants (Zhao et al., 2018). The stress indicator, calculated as 

(cyclopropane17:0 + cyclopropane19:0)/(16:1Ω7c + 18:1Ω7c), reflects stress levels, with a 

higher ratio indicating greater stress. In this study, the highest stress value was recorded in 

treatment T2 (p_stress ratio = 0.003; LSD_stress ratio = 0.079) (Fig. 78b).  
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Fig. 78: (a) Alterations in microbial group and enzyme activity Shannon diversity (SDI), 

evenness (SEE), and E-var (EVI) during vermiconversion of various treatment combinations 

of chromium-asbestos mining waste vermicompost (CAMW); (b) Changes in total PLFA and 

stress ratio in different treatments. Here, T1: 1:1 [CD:CAMW]; T2: 1:2 [CD:CAMW]; T3: [CD 

only] 
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Also, the stress value in T1 was significantly reduced due to the effectiveness of earthworm- 

and microbe-mediated PTEs removal along with suitable cow dung incorporation. 

Microorganisms are known to play an essential role in breaking down organic matter, and 

earthworm activity helps enhance microbial community structure throughout the 

vermicomposting process (Devi et al., 2020; Gomez-Brandon et al., 2011). This stress ratio 

primarily serves as an indicator of microbial stability and health; nevertheless, comprehending 

these might inform the enhancement of circumstances in vermiremediation process, ensuring 

more effective microbial activity and waste degradation. Throughout the experiment, 

treatments T1 and T3 showed increased SDI_PLFA, SDI_enzyme, as well as SEI_PLFA, 

SEI_enzyme, EVI-PLFA, and EVI-enzyme (Fig. 78a). These findings indicate that T1 also 

provided a favorable feedstock for earthworm-driven microbial diversity and enzyme activity. 

In contrast, T2 exhibited notably lower Evar (EVI) indices in-case of both PLFA and enzyme 

analysis (EVI-PLFA and EVI_enzyme) than T1 and T3, suggesting that CAMW significantly 

affects the diversity of functional microbial communities. Meanwhile, the high levels in T1 

EVI-PLFA and EVI_enzyme suggest that factors like earthworm gut mucus, feeding behavior, 

and intestinal microbes might have mitigated CAMW-related stress in these vermibeds.  

Overall, the findings of PLFA indicated that mixing of CAMW and CD (T1 treatment: 1:1ratio) 

offers a favorable environment for microbial growth and earthworms’ activity, mitigation of 

PTEs, enhance nutrient availability in vermibed, supports the good quality of CAMW-

vermicompost. 

4.4.2.8 Analysis of PLFA and PTEs Interactions for Sensitivity 

Sobol scores for all input variables were analyzed to assess the impact of bioavailable PTEs 

fractions (Cr, Pb, Ni, Cd, and Cu) on the PLFA profile in vermicompost. Results from the first-

order (FOSI) and total-order (TOSI) analyses revealed that gram-positive, gram-negative, and 

anaerobic microorganisms exhibited greater resilience to Cr, Cd, Pb, and Ni exposure in 

CAMW-based vermicompost than other community like eukaryotes and actinomycetes (Fig. 

79). Such patterns were observed in CAMW-based vermicompost with minimal concentrations 

of PTEs including Cr, Ni, Cd, and Pb, except Cu. The maximum microbial population 

demonstrated enhanced survivability against Cu, while Gram-positive bacteria indicated 

increased tolerance to Cr, Pb, and Ni. Additionally, microorganisms that generate raw fatty 

acids (straight-chain and branch-chain) demonstrated enhanced survival in response to PTEs 

stress. These groups exhibited superior resilience relative to other fatty acid, including DMA, 

Cyclo, MUFA, hydroxyl, and PUFA. In microorganisms, the conversion of raw fatty acids into 
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MUFA, PUFA, DMA, Cyclo, and Hydroxy types demonstrated distinct correlations. PUFA 

exhibited a negative association with Cr. Preserving cellular homeostasis during PTEs stress 

(Cr) is essential for microbial survival, perhaps indirectly affecting PUFA synthesis and 

stability (Ibarra et al., 2019). DMA showed tolerance towards Ni, Cd, and Pb, whereas Cu was 

positively associated with PUFA and hydroxy fatty acids under stress conditions. Second-order 

sensitivity analysis explained the interactions between pairs of the model's inputs, making it 

possible to identify the most influential input pairs by examining the variation or interaction 

between two parameters (Jha et al., 2024; Kumar et al., 2020). From this model-based analysis, 

highlights the dominance of microbial community which helps to detoxify the CAMW and 

demonstrates tolerance towards different PTEs and improves the efficacy of vermi-remediation 

technique.  

 

Fig. 79: Quality assessment of vermicomposted CAMW feedstocks utilizing Sobol sensitivity 

model analysis [first-order and total-order] 

4.4.2.9 Evaluate the relationship between microbial diversity and PTEs bioavailability 

dynamics: An Insight through Correlation technique and PCA 

Pearson’s correlation statistics were applied to explore how bioavailable PTEs affects 

microbial diversity. The analysis examined microbial properties (MBC, MBP, MBN, BSR, 

SIR), enzyme activities (AP, BG, DHG, U, FDA), and available trace elements (Pb, Cr, Cu, Ni, 

Cd). As illustrated in Fig. 80 a strong negative correlation (denoted by purple color) observed 

between available PTEs and microbial as well as enzymatic measures in the final 

vermicomposting phase. This may be attributed to a marked decrease in the bioavailability of 

PTEs like Cr, Pb, Ni, and Cu at the maturation phase, accompanied by an increase in microbial 
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activities within the vermibeds (Fig. 80). As a result, significant microbial activity was 

observed at maturity, attributed to the reduced toxic effects of CAMW. According to Shi et al. 

(2013) confirmed that correlation analysis effectively validates interactions between microbes 

and PTEs.  

 

Fig. 80: Correlation plots illustrating the relationships between PTEs bioavailability and 

microbial-enzymatic activity (each point shows correlation coefficients and their significance 

value denoted by colors) 
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A Principal Component Analysis was conducted to investigate the relationship between various 

concentrations of PTEs, microbial-enzymatic parameters, and the microbial community 

structure. The analysis revealed that the first two components, Dim-1 and Dim-2, explained 

93.4% of the total variance. A closer association between microbial-enzymatic parameters and 

the PLFA-microbial community structure (Gram positive, Gram negative, actinomycetes, 

eukaryotes, and Anaerobes) was observed. Furthermore, during vermicomposting, the 

bioavailable fractions of PTEs were found to decrease as maturity progressed in 

vermicomposted CAMW (Fig. 81). This result was algin with Chakraborty et al. (2024).  

 

Fig. 81: Principal component analysis demonstrating the relationship among bioavailable trace 

elements (PTEs), microbial enzymatic characteristics, and microbial community structure 
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Objective: 5 

4.5 Assessing the efficiency of reclaimed vermi-remediating products (PTE-EVVc and 

CAMW-VC) through pot and field trials  

For the purpose of this experiment, four crops—tomato, sesame, chilli, and rice—were selected 

to evaluate the quality and effectiveness of two vermicomposted products as organic manures. 

Pot experiments were conducted for tomato, chilli, and sesame, while rice was cultivated under 

field conditions. The experimental details for each crop are presented sequentially. 

4.5.1. Pot experiment with Tomato 

Pot experiments for tomato (Solanum lycopersicum L.) were conducted during two consecutive 

winter seasons (November–February) in 2023–2024 at the Indian Statistical Institute’s 

agricultural farm in Jharkhand (Fig. 82).  

 

Fig. 82: Pictorial illustration of tomato cultivation for pot experiment with vermicomposted 

PTE-enriched vetiver (PTE-EVVc) 

 

A fertilizer regime of 200:150:100 kg/ha (N: P₂O₅: K₂O) was followed for tomato cultivation. 

Treatment specifications are provided in Table 39, with each treatment replicated three times.  
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Table 39: Treatment description (Tomato) 

Order Treatment details 

T1 Control (No amendment) 

T2 Chemical Fertilizer (NPK)100% 

T3 Cow dung (CD) 100% 

T4 CD 50% + Chemical Fertilizer (NPK) 50% 

T5 PTE enriched vetiver vermicompost (PTE-EVVc 1:1) 100% 

T6 (PTE-EVVc 1:1) 50% + Chemical Fertilizer (NPK) 50% 

T7 (PTE-EVVc 1:2) 100% 

T8 (PTE-EVVc 1:2) 50% + Chemical Fertilizer (NPK) 50% 

 

Vermicomposts derived from PTE-enriched vetiver and cow dung were mixed into the potting 

soil two weeks prior to sowing. Seeds, sourced from the State Seed Corporation, were treated 

with copper oxychloride before planting. Uniform agronomic practices such as scheduled 

irrigation, optimal planting density, timely weeding, and integrated pest management were 

applied across all treatments. After the experiment concluded, various growth and soil-related 

parameters were assessed following standardized methodologies. 

4.5.1.1 Physico-chemical properties estimation after harvest of tomato cultivation 

Tomato (Solanum lycopersicum L.) was used as the test crop in a pot culture experiment to 

evaluate the efficacy of vermicomposted PTE-enriched vetiver as a soil supplement. A famous 

horticultural crop with several health advantages, tomatoes are well-known across the world 

(Jha et al., 2023). Measurements of the soil properties following tomato cultivation under 

various treatments are shown in Table 40. 
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The study's soil was described as lateritic, poor in organic carbon, moderately acidic, and 

lacking in NPK nutrients. During tomato cultivation, plots treated with vermiconverted-PTE-

enriched vetiver showed a modest increase in soil nutrient levels. The treatment (T6: PTE-

EVVc1:1 + NPK fertilizer) had a significantly greater pH rise (towards the neutral range), 

reaching 7.16±0.34. The treatment (T8: C1:2 + NPK fertilizer) had a pH increase of 6.89±0.41 

(p= 0.03). The PTE-enriched vetiver vermicompost's neutral pH is the cause of this pH 

improvement. Furthermore, the soil's organic carbon (TOC) content increased (0.691±0.029 

%) in treatment (T6: PTE-EVVc1:1 + NPK fertilizer), followed by treatment (T4: Cow dung 

+ NPK fertiliser), and treatment (T8: PTE-EVVc1:2 + NPK) (Table 40). The breakdown of 

organic matter and the leftover agricultural residues affect the amount of TOC available in the 

soil (Lazcano et al., 2008). By adding organic amendments, the vermicomposting process 

increases microbial activity, speeds up the mineralisation of soil carbon, and promotes the 

mineralisation of nutrients like NPK. Furthermore, PTEs are less accessible for plant 

absorption because they are bound in soil organic matter (Das et al., 2016). Following the 

sequence T6 > T5 > T2 > T8 > T7 > T1, the vermicomposted PTE-enriched vetiver amendment 

considerably increased the soil's total NPK levels (Table 40). The combined use of chemical 

fertilizers and vermicompost may be the cause of this discovery, since it promotes the 

biological decomposition of organic waste. This process raises the amount of mineralised 

nitrogen in the soil and encourages the development of microbial communities that solubilise 

potassium and phosphorus, which in turn triggers the release of a variety of endogenous and 

exogenous soil enzymes. Vermicompost improves NPK status and lowers the bioavailability of 

PTEs for plants, according to the results, which are consistent with Sahariah et al. (2020). The 

findings indicate that recycling PTE-enriched vetiver through vermicomposting by mixing it 

with cow dung could be an effective strategy for managing plant PTE content residue and 

minimizing the risk of PTE-induced toxicity in agricultural soils. 

4.5.1.2 Determination of biochemical and agronomic perspective across different 

treatments 

Crop production result indicated that PTE-EVVc had a beneficial impact on soil health (Table 

41).  
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Table 41: Biochemical and Agronomic attributes of tomato after harvest (Mean±Standard deviation) 

Treatments 
Protein 

Total 

Soluble 

Sugar 

Lycopene 

Plant 

shoot 

length 

Plant root 

length 
Yield 

mg 100 g-1 mg 100 g-1 mg 100 g-1 cm cm (g plant-1) 

T1 0.51±0.016 1.97±0.11 5.66±0.42 40.2±2.01 21.3±1.26 190.06±11.73 

T2 0.59±0.029 2.19±0.17 6.28±0.46 53.4±3.43 32.9±0.34 240.19±19.51 

T3 0.83±0.034 3.09±0.15 7.88±0.38 58.5±3.19 31.4±0.39 337.58±21.94 

T4 0.89±0.023 3.64±0.24 8.59±0.34 62.8±2.76 34.8±0.47 349.32±26.95 

T5 0.88±0.024 4.70±0.34 7.99±0.53 61.7±2.98 33.1±0.51 346.56±23.21 

T6 0.97±0.034 4.87±0.31 8.48±0.43 65.3±2.34 39.8±0.37 360.88±28.13 

T7 0.64±0.027 2.49±0.16 7.33±0.54 51.5±4.93 29.4±0.41 312.52±17.37 

T8 0.77±0.019 2.67±0.34 7.79±0.57 56.7±3.29 27.2±0.31 300.62±19.01 

LSD (Treatments) 1.03 2.3 0.87 9.74 1.59 23.69 

p-value 0.006 0.004 0.029 0.006 0.003 0.0017 

 

Treatment T6 was shown to have greater levels of lycopene content (8.48±0.43 mg 100 g-1), 

total soluble sugar (4.87±0.31 mg 100 g-1), and protein (0.97±0.034 mg 100 g-1) than the other 

treatments. The improved availability of N, P, and K from vermicompost, which releases 

nutrients gradually and improves nutrient efficiency and biomass quality more effectively than 

inorganic fertilizer treatment (T2), is responsible for the higher lycopene, protein, and sugar 

content in plants treated with PTE-EVVc. The result was in line with the findings of 

Chakraborty et al. (2024). In similar vein, the PTE-EVVc1:1+NPK (T6) fertilizer treatment 

yielded (360.88±28.13 g plant-1) a remarkably high yield. Furthermore, as shown in Table 41, 

treatments T6 and T4 produced the highest plant roots and shoots lengths, in comparison with 

T2. Better root and shoot length growth was demonstrated by the improvement in biochemical 

characteristics and decreased PTE absorption in plant sections.  These findings are consistent 

with those of Ghosh et al. (2025), who found that crop growth and production are enhanced 

when organic sources and inorganic fertilisers are combined. 

4.5.1.3 Bioavailable PTEs content in soil and different accumulation indices evaluation 

after harvest 

In comparison to initial levels, the statistical analysis (ANOVA) revealed a significant decrease 

in bioavailable PTEs in soil across all treatments (LSDNi: 1.19, pNi: 0.0046; LSDCr: 1.44, pCr: 

0.0027; LSDPb: 1.037, pPb: 0.0012), with the treatment (T6: PTE-EVVc1:1 + NPK fertilizers) 

exhibiting the most noticeable decrease (Table 40). As seen in Table 42, which highlights the 

ecological consequences of PTE-enriched vetiver-vermi-transformation, PTEs were assessed 

using several indices [Plant bio-concentration factor (PBCF) and Plant translocation factors 

(PTF)] to assess their transportation from soil to plant components (root, shoot, tomato).  
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Table 42: Different PTEs accumulation indices of tomato plant 

Treatments PBCF_Cr PTF_Cr PBCF_Ni PTF_Ni PBCF_Pb PTF_Pb 

T1 0.100 0.388 0.048 0.449 0.155 0.734 

T2 0.075 0.274 0.023 0.813 0.108 0.510 

T3 0.120 0.716 0.154 0.883 0.394 0.457 

T4 0.113 0.686 0.152 0.603 0.383 0.585 

T5 0.280 0.520 0.559 0.216 0.441 0.442 

T6 0.266 0.501 0.341 0.241 0.326 0.720 

T7 0.294 0.690 0.353 0.293 0.279 0.683 

T8 0.276 0.583 0.332 0.242 0.199 0.650 

 

PTEs (Pb, Cr, and Ni) concentrations in tomatoes were found to be below detectable levels, 

and absorption was seen to occur in the following order: roots > shoots. PTE absorption in 

roots is shown by the PBCF study, which shows that in the treated pots, the pattern is Ni > Pb 

> Cr. Compared to other PTEs, Ni was more prevalent in the treatments, which may have 

contributed to its high accumulation. A number of variables, including beginning concentration, 

plant type, and absorption capability, affect the PTEs accumulation. According to Page and 

Feller (2015), PTEs (mostly Pb, Cr, and Ni) are kept in plant roots by being compartmentalised 

inside cells or stored in vacuoles, which prevents them from being transported via the xylem. 

PTF were below 1 in all treatments; the treatment with the lowest PTF (T6: PTE-EVVc1:1 + 

NPK fertilizers) showed lesser PTE mobility than the treatment (T8: PTE-EVVc1:2 + NPK 

fertilizers). Understanding bioaccumulation, which was negligible in other treated pots, 

requires evaluating the transport of PTEs between plant components (root, shoot, and tomato). 

The findings support those of Chakraborty et al. (2024), who found that adding vermicompost 

to soil successfully reduces the amount of PTEs that plants absorb. 

4.5.2 Pot experiment preparation with Chilli 

Pot investigations were executed over two successive (May–August) in 2023–2024 for chilli 

(Capsicum annum L) at the Indian Statistical Institute’s agricultural farm in Jharkhand. The 

required fertilizer dosage of 40:50:60 (N: P2O5: K2O) kg/ha was utilized for chilli cultivation. 

The treatment details are depicted in Table 43, and each treatment was replicated thrice. 

Vermicomposted CAMW and cow dung were incorporated into the soil in the pots 2 weeks 

before sowing.  
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Table 43: Description of pot experiment (chilli) of treatments  

Serial 

Order 
Treatment preparation details 

C1  CAMW 1:1 Vermicompost only (100%) 

C2  CAMW 1:1 Vermicompost (50%) + NPK fertilizer (50%) 

C3  CAMW 1:2 Vermicompost only (100%) 

C4  CAMW 1:2 Vermicompost (50%) + NPK fertilizer (50%) 

C5  Cow dung only (100%) 

C6  Cow dung (50%) + NPK Fertilizer (50%) 

C7  NPK Fertilizer (100%) 

C8  Control (No input) 

C9  Raw chromium-asbestos mine waste only (100%) 

C10  Raw chromium-asbestos mine waste (50%) + NPK Fertilizer (50%) 

 

Well-filled seeds obtained from the State Seed Corporation were treated with copper 

oxychloride prior to being sown. Standard agronomic practices, including irrigation, planting 

density, periodic de-weeding, and management of pests, were uniformly applied across 

treatments. After completion of the experiment, different parameters were evaluated based on 

standard protocol. 

4.5.2.1 Changes in soil nutrients and microbial activities among different treatments 

Fig. 83 (a-f) depicts the dynamics of physico-chemical properties over time (0 day and post-

harvest) among different treatments during the pot experiment. Initially, at 0 day, the soil pH 

was slightly acidic in nature (range: 6.09±0.36-6.48±0.38) among the treatments. The pH 

values were C9: 6.09 and C10: 6.16 in the CAMW amended treatments, respectively, on 0 day. 

After harvest, all the treatments showed an upsurge in the neutral range of 6.59-7.18, except 

the C9 and C10 treatments (Fig. 83a). 
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Fig. 83: Changes of soil physico-chemical properties across treatments during the pot 

experiment 

However, CAMW amendment treatments (C9 and C10) tend to exhibit a slightly acidic nature. 

These findings are consistent with Jha et al. (2024), who found that the incorporation of organic 

amendments such as vermicomposted CAMW and cow dung could be attributed to the rise in 

pH among various treatments. Rising pH levels contribute to better plant growth by fostering 

a more neutral environment, which enhances nutrient absorption and metabolic functions, 

ultimately helping plants develop more effectively and healthily. The EC levels were elevated 

in the CAMW vermicompost mixed treatments (C1, C2, C3, and C4) from the beginning to 
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post-harvest, while the least rise was in raw CAMW waste amended treatments (C9 and C10) 

(Fig. 83b). Also, the temporal increment of organic carbon was observed significantly (LSD_T: 

0.081; p: 0.001) in all the treatments from initial to post-harvest (Fig. 83c). The crop residual 

and organic material decomposition increase the availability of soil organic carbon storage. 

This observation is similar to previous studies, which showed that carbon from plant residues 

tends to form clusters within clay structures (Chivenge et al., 2011). This process boosts the 

humification ratio and leads to a significant increase in organic carbon storage in soil by the 

time the crop is harvested. Additionally, the other important macronutrients include potassium 

(Ex. K), nitrogen (Avl. N), and phosphorus (Avl. P) also showed a similar trend in all the 

treatments except C9 and C10 (raw CAMW amended). Initially, the nutrient content was low, 

but it escalated at the time of harvest as depicted in Fig. 83(d, e, f). No substantial variation 

was observed between 0 to post-harvest in the C9 and C10 treatments, likely due to the high 

levels of PTEs in raw CAMW, which contribute to soil toxicity. The highest nutrient 

availability was observed in C2 treatment (Ex. K: 217.39±13.17 mg/kg; Avl. P: 76.02±4.60 

mg/kg; and Avl. N: 26.14±1.58 mg/kg), where soil is amended with 1:1 CAMW vermicompost 

(50%) and fertilizer (50%). The combined application of vermicompost/cow dung and 

chemical fertilizer in C2, and C6 treatments ensures an optimal distribution of mineral 

nutrients, enhanced microbial activities, and enzymatic attributes, showing the most 

pronounced results as compared to other treatments. The microorganisms present in 

vermicompost can boost plant growth by making P and K more available, fixing N, and 

producing plant growth-promoting substances like indole acetic acid, gibberellic acid, 

ammonia, and siderophores. Therefore, these nutrient-rich environment support soil fertility, 

soil health, and plant development (Choudhary et al., 2020; Chakraborty et al., 2024). These 

results are in line with the findings of Das et al. (2020), who reported that the balanced use of 

vermicompost and chemical fertilizers significantly enhanced the diversity and growth of 

microbial communities, which subsequently promoted the release of various endogenous and 

exogenous enzymes in the soil. 

Microorganisms are essential for carbon and nitrogen cycling and act as key indicators of soil 

health and quality. Evaluating various enzymatic and microbial parameters under different soil 

amendments offers important insights into the activity of soil microorganisms. In this study, 

soil microbial and enzymatic activity was assessed at different time intervals (0, 30, 60 days, 

and post-harvest) across all treatments, as illustrated in Fig. 84(a-h). Temporal dynamics of soil 

enzymatic activity, including glucosidase, alkaline phosphatase, dehydrogenase, urease, and 
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fluorescein diacetate significantly varied [LSD_BDG: 4.44, p: 0.013; LSD_ALP: 32.17, p: 

0.001; LSD_DHYG: 5.22, p: 0.006; LSD_UR: 4.40, p: 0.001; LSD_FDA: 4.23, p: 0.02] across 

all treatments during the pot experiment. Initially, all the enzymatic parameters were higher on 

0 day, then showed a significant and gradual decline up to 60 days, followed by a slight increase 

at the post-harvest stage. At post-harvest, the enzymatic activities were elevated in organic 

amended treatments (C1, C2, C3, C4, C5, and C6) as compared with the control and raw 

CAMW contaminated treatments (C9, C10). The least activity was observed in C9 and C10 

due to the direct application of raw CAMW waste, which contains high PTEs that negatively 

affect the microbial population. The highest BDG activity was observed in C6 (BDG: 

28.73±1.04 mg of p-nitrophenol released/kg soil/h) and C2 (BDG: 26.29±0.86 mg of p-

nitrophenol released/kg soil/h) followed by C5, C7, and C4 (Fig. 84e). The key role of the BDG 

enzyme is to decompose organic matter, primarily composed of long-chain β-D-glucose units 

(Fernández-Gómez et al., 2013). Glucosidase activity is generally reduced in soils with 

elevated PTEs concentrations; therefore, C9 and C10 showed decreased levels of this enzyme 

activity. This finding aligns with the results of Jha et al. (2023), who reported that the 

application of raw waste leads to a reduction in enzymatic activity, while the use of 

vermicomposted products enhances it.  
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Fig. 84: Temporal dynamics of microbial-enzymatic attributes of various treatments during the 

pot experiment with chilli as the test crop.  
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In case of ALP and UR activity, a significant day-wise variation [LSD_ALP: 10.59, p: 0.001; 

LSD_UR: 1.39, p: 0.0014] was observed across all treatments. Higher enzyme activity was 

recorded in C6, C2, C5, and C1, while the lowest activity was determined in C9 and C10 in 

comparison with the control (C8) (Fig. 84d, g). The results also indicated that the addition of 

organic matter, such as cow dung or vermicomposted CAMW, enhanced soil enzyme activity. 

This increase could be attributed to the presence of endoenzymes from active microbial 

populations and higher accumulation of enzymes within the soil matrix (Jha et al., 2023). These 

findings are consistent with those of Banerjee et al. (2025), who highlighted the importance of 

ALP and UR enzymes in the phosphorus and nitrogen cycles of terrestrial ecosystems. In C9 

and C10, the presence of PTEs resulting from the application of raw CAMW impacted enzyme 

activities. These effects may be due to PTEs interacting with enzyme-substrate complexes, 

causing protein denaturation and impacting both enzyme activity and their synthesis, as stated 

by Ghosh et al. (2024).  

Activities of other enzymes, such as DHYG and FDA, were initially higher at day 0, gradually 

declined up to 60 days, and showed a slight upsurge at the post-harvest stage across all the 

treatments except C9 and C10 (Fig. 84f, h). In these two treatments, a decreasing trend was 

observed over time as the presence of raw CAMW and its associated toxicity, which may have 

contributed to this finding. In C6 (cow dung + NPK fertilizer) and C2 (1:1 vermicomposted 

CAMW + NPK fertilizer), the highest enzymatic activity was recorded, while moderate levels 

of enzymatic activity were observed in C7 and C8. This pattern could be due to the higher 

levels of organic matter (vermicompost/cow dung combined with chemical fertilizer), which 

likely promoted greater enzyme production and enhanced the soil's nutrient content over time 

(Macci et al., 2012). This enhanced enzymatic activity can be linked to the action of the 

intracellular enzyme DHYG in facilitating the transfer of electrons and hydrogen among 

various cellular components (Gu et al., 2009). Additionally, the FDA serves as an indicator of 

the hydrolytic activity within the soil and can be degraded by various enzymes (like esterase, 

protease, and lipase), reflecting the biological activity within different treatments (Nannipieri 

et al., 2003).  

The soil respiration (BSR and SIR) and microbial biomass carbon (MBC) parameters denote 

the total activity of microorganisms present in the soil environment. Soil MBC and respiration 

levels varied across all treatments and showed a gradual decline up to 60 days, considering the 

chilli plant's growth phase. However, a significant increase in MBC and respiration was 

observed after harvest. The highest MBC values were observed on day 0 across all treatments. 
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The incorporation of organic materials such as cow dung or vermicomposted CAMW 

significantly boosted soil MBC (p = 0.008; LSD = 34.79) compared to the control and 

treatments with only chemical fertilizers, as shown in Fig. 84a. Earlier findings by 

Bhattacharya et al. (2012) reported similar outcomes when both organic and inorganic 

fertilizers were applied together. While chemical fertilizers supply essential nutrients for 

microbial growth, they fall short in providing the necessary carbon. Notably, the combined use 

of organic and inorganic amendments meets both nutrient and carbon needs, as evidenced by 

the elevated soil MBC levels observed in treatments C6 (263.89±13.49 mg/kg) and C2 

(256.26±9.17 mg/kg) (Fig. 84a). Additionally, after harvest, the remaining root biomass in the 

soil serves as an additional substrate that supports microbial growth. Throughout the study 

period, a significant treatment-specific decline in respiration rates was recorded from day 0 to 

60 (p for BSR = 0.001; LSD = 6.43 and p for SIR = 0.001; LSD = 6.28). However, both BSR 

and SIR showed a slight increase post-harvest except in treatments like C9 and C10, as 

illustrated (Fig. 84b, c). At post-harvest, the highest respiration levels were observed in 

treatments C6, followed by C2 and C4. This pattern may be attributed to the enhanced cellular 

activity resulting from the combined application of organic materials like cow dung and 

vermicomposted CAMW with inorganic fertilizers. These observations align with the findings 

reported by Roy et al. (2022). Treatments C9 and C10 consistently exhibited the lowest 

respiration rates during the study, likely due to the presence of PTEs and the toxic effects of 

CAMW. Comparable findings have been reported by Rusinowski et al. (2019). Hence, the 

results suggest that the application of vermicomposted CAMW can enhance soil nutrient 

availability, boost enzymatic and microbial activity, and create favourable conditions for plant 

growth and development. 

4.5.2.2 Evaluation of the bioavailability of PTEs in soil  

The variations in the bioavailable (BA) pattern of PTEs were analyzed to understand their 

dynamics throughout the pot experiment involving organic and inorganic amendments. PTEs 

(Ni, Pb, Cr, Cu, and Cd) can interact with different soil components in various ways, resulting 

in forms that range from readily available to highly resistant. The BA fractions are especially 

important, as they are easily available in soil and readily accumulated by plants (Banerjee et 

al., 2023). The water-soluble (WS) and exchangeable (EX) fractions are critical contributors to 

the potential accumulation of PTEs in soil, and together, these two phases represent the total 

bioavailable portion. In this study, the bioavailable fraction was significantly (LSDNi: 6.68, pNi: 

0.001; LSDPb: 3.20, pPb: 0.002; LSDCr: 4.47, pCr: 0.007; LSDCu: 1.33, pCu: 0.009; LSDCd: 2.70 
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pCd: 0.043) decreased in soil across all treatments compared to the initial concentration, except 

C9 and C10, as these treatments contained raw CAMW as illustrated in Fig. 85. The most 

pronounced reduction occurred in the treatment (C2: 1:1 vermicompost CAMW + NPK 

fertilizers) with a decrease of Ni: 3.28 folds, Pb: 4.35 folds, Cr: 2.62 folds, Cu: 2.31 folds, and 

Cd: 2.43 folds. Treatments amending both organic and inorganic materials led to a significant 

drop in PTEs concentrations, possibly reflecting a balanced relationship between PTEs 

availability in the soil and their movement into the crop. Also, PTEs concentrations were 

negligible in C7 and C8, likely due to the amendment with cow dung. Our findings were aligned 

with Sarkar et al. (2023).  

 

Fig. 85: Dynamics of various bioavailable toxic elements (PTEs) among the treatments 

 

4.5.2.3 Assessing the PTEs accumulation and translocation pattern within chilli plants 

through different indices 

The movement of PTEs within plants was analyzed using several key indicators including plant 

translocation factor (PTF), plant bioconcentration factor (PBCF), and plant bioaccumulation 

factor (PBAF), as illustrated in Fig. 86(a-c).  
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Fig. 86 Different indices to measure the movement and accumulation pattern PTEs in the test 

crop (chilli) across various treatments 

Factors such as microbial interactions, rhizospheric chemistry, root selectivity, and absorption 

capacity govern the accumulation and translocation of PTEs by plants from soil system (Jha et 

al., 2024). In this research, the uptake of PTEs from soil to chilli plant is estimated using PBCF, 

while the transportation of PTEs from root to shoot is determined by PTF. The lowest PTF 

value for Pb, Cr, and Ni was observed in treatments amended with CAMW vermicompost C2, 

C3, C1, and C4. According to Page and Feller (2015), the retention of Pb, Cr, and Ni in roots 

is due to their sequestration in vacuoles or compartmentalization within cells, which restricts 

their movement through the xylem. The PTF was higher in C9 and C10 treatment for all PTEs 

as compared to other treatments (Fig. 86a). The PTF values were below 1, indicating limited 

translocation of PTEs. This reduction in metal movement benefited the growth of the test crop 
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(chilli). Similarly, the PBCF value mainly focuses on the PTEs uptake in the root section. The 

maximum PBCF value of Ni, Pb, and Cr was found in the treatment of C9 and C10, which 

might be due to the direct application of raw CAMW, that contained elevated levels of PTEs, 

leading to higher accumulation in the root section. In treatments C6 and C7, amended with cow 

dung, the initial concentration of PTEs was the lowest, resulting in minimum PTF and PBCF 

values compared to C9 and C10, where raw CAMW was directly applied. The PBCF values 

were lower in CAMW vermicompost amended treatments (C2, C4, C1, and C3) (Fig. 86b). A 

similar trend was reported by Chakraborty et al. (2024), indicating that the incorporation of 

vermicompost into soil can effectively reduce the translocation of toxic elements to plants. 

Another important indicator used to evaluate the transfer of PTEs from soil to crop grains is 

the PBAF. The uptake of PTEs in chilli in different organic amended treatments was negligible; 

therefore, for calculating this index, treatments C9 and C10 were considered, as they involved 

the direct application of raw CAMW waste. The PBAF values for Cd and Ni were the lowest 

in treatments C9 and C10, while Cu, Pb, and Cr exhibited the highest PBAF values in these 

treatments (Fig. 86c). The elevated levels of PTEs in the raw CAMW may be attributed to the 

accumulation of PTEs in chilli. These findings align with Jha et al. (2024), which indicated that 

the application of waste resulted in increased accumulation of PTEs in both plant roots and the 

edible grain segments. Thus, prolonged consumption of such crops may provide health hazards 

to living entities and adversely affect the ecosystem. 

4.5.2.4 Influence of various treatments on biochemical attributes estimation in chilli 

The biochemical parameters of chilli, including titratable acidity (TA), total soluble sugar 

(TSS), ascorbic acid (AA), protein (Pro), lycopene (Lyco), total carotenoids (TCAROT), total 

chlorophyll (TC), were evaluated across all treatments after harvest and denoted in Fig. 87. The 

critical components of respiration in fruits (chilli) and key constituents of soluble solids are 

titratable acidity and soluble sugars, which substantially improve the storage capability of 

horticulture products (Tigist et al., 2013). Total acidity of fruits (developed mainly from the 

presence of ascorbic, malic, and citric acids) is denoted by titratable acidity (Samira et al., 

2013). The levels of sugar and acid absorbed in fruits predominantly regulate the period of fruit 

respiration. A decrease in titratable acidity accelerates fruit ripening, thus diminishing the fruit's 

storage capacity, whereas the total soluble sugar content signifies ripening and senescence of 

fruits (Samira et al., 2013). The titratable acidity, and total soluble sugar content in chilli were 

considerably greater in C2 followed by C6, C5, indicating a substantial influence of soil fertility 

on chilli quality (LSD_TA: 0.705; p: 0.009; LSD_TSS: 1.17, p: 0.008). The lowest activity of 
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TA and TSS observed in C9 and C10 is attributed to the presence of PTEs in raw CAMW 

treatments, which may interfere with the formation of sugars and organic acids in chilli. The 

organic acid, mainly ascorbic acid, was also evaluated across the treatments after post-harvest. 

The results indicate that AA content in C6, C5, and C2 was maximum as compared with C9 

and C10 treatments (Fig. 87). In contrast, organic amendment (vermicompost/cow dung) 

increases the organic acids and carbohydrate levels in fruits (Zhang et al., 2011). Additionally, 

organic manuring generally stabilises soil aggregates, hence improving the soil's long-term 

moisture retention capacity (Wang et al., 2016). Furthermore, sufficient availability of nitrogen 

and potassium in the soil significantly influences the levels of organic acids and sugars in 

horticultural crops.  

 

Fig. 87: Analysis of different biochemical parameters of chilli at post-harvest among the 

treatments during the pot experiment 
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Likewise, the protein content was significantly (LSD_Pro: 0.269; p: 0007) elevated in C2, C6, 

and C5 compared to C9 and C10 and denoted in Fig. 87. The protein levels were higher 

under combined application of CAMW vermicompost and inorganic fertilizers (C2: 1.82 folds; 

C6: 1.77 folds, C4: 1.56 folds) than only CAMW vermicompost (C5: 1.50 folds, C3: 1.39 folds 

and C1: 1.30 folds) and other treatments. The application of both organic (vermicompost/cow 

dung) and inorganic sources (NPK fertilizer) provides nitrogen in a highly mineralised form 

(NO3
−), which likely resulted in elevated protein levels in chilli (Fallovo et al., 2011). In this 

study, the total chlorophyll, total carotenoid, and lycopene content in chilli were significant 

(LSD_TC: 0.089; p: 0.001; LSD_TCAROT: 0.060; p: 0.004; LSD_Lyco: 0.203, p: 0.003) in 

organic amendment treatment (C6, C2, and C5) as compared to the control (C8) and raw 

CAMW applied treatments (C9 and C10). The carotenoid synthesis often begins during the 

ripening phase of crops and is substantially impacted by agricultural practices (Perez-Lopez et 

al., 2007). The presence of PTEs and low nutrient availability in raw CAMW applied 

treatments (C9 and C10) disrupts the synthesis of chlorophyll, carotenoid, and lycopene content 

in chilli (Fig. 87). PTEs may impair the ultrastructure of chloroplasts, disrupt electron transport 

and thereby affect the photosynthetic process (Shahid et al., 2017). The application of organic 

manure to soil typically enhances the levels of lycopene and total carotenoid content in chili. 

The findings of this study support earlier research (Das et al., 2020). Overall, the above findings 

indicated that the combination of vermicomposted CAMW and chemical fertilizer presents a 

viable option for integrated nutrient management in crop cultivation.  

4.5.2.5 Estimation of capsaicin content and pungency of chilli across all treatments after 

harvest 

Fig. 87 illustrates the variations in capsaicin content (CAPs) and pungency (PUNG) in chilli 

fruits subjected to various treatments throughout two years of cultivation. A distinctive feature 

of chilli is the existence of capsaicinoids. The most prevalent molecules are capsaicin, which 

are the primary contributors to pungency (Tripodi et al., 2019). Pungency is a significant 

determinant of the quality and market value of chilli (Gangadhar et al., 2012). Overall, both 

capsaicin and pungency were substantially elevated (LSD_CAPs: 1.10, p: 0006; LSD_PUNG: 

1.54, p: 0.003) in plants cultivated in C2 compared to C8. The elevated capsaicin concentration 

was also observed in plants cultivated under C1 and C3 (CAMW vermicompost alone). The 

capsaicin content was elevated 2.82-fold in C2 treatment, followed by 2.67-fold (C6) and 2.24-

fold (C5) as depicted in Fig. 87. This revealed that the use of CAMW Vermicompost, in 

conjunction with inorganic NPK, was effective in enhancing these features in chilli cultivated 
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in nutrient-depleted soils. Aminifard et al. (2012) demonstrated a 59% enhancement in 

capsaicin concentration in organically cultivated C. annuum plants. 

4.5.2.6 Determining the different agronomics attributes of chilli among various 

treatments   

The agronomical characteristics, such as plant height (PH), number of chilli/plant (NCP), 

length of chilli (LC), fresh weight of individual chilli/plant (FWC), and yield/plant (YC), were 

evaluated and as shown in Table 44.  

Table 44: Agronomical attributes of chilli at post-harvest 

Treatments 
Plant 

height (cm) 

No. of 

Chilli/Plant 

Length of 

Chilli (cm) 

Fresh 

Weight of 

individual 

Chilli (gm) 

Yield/Plant 

(gm) 

C1 (CAMW 1:1 

Vermicompost only) 
67.42 ± 4.81 34 ± 3.05 6.86 ± 1.41 3.82 ± 0.28 36.74 ± 2.24 

C2 (CAMW 1:1 

Vermicompost + NPK 

fertilizer) 

72.18 ± 5.57 41 ± 3.51 7.3 ± 0.72 4.63 ± 0.34 47.93 ± 2.86 

C3 (CAMW 1:2 

Vermicompost only) 
57.68 ± 4.45 28 ± 2.56 6.7 ± 0.75 3.71 ± 0.22 29.68 ± 1.82 

C4 (CAMW 1:2 

Vermicompost + NPK 

fertilizer) 

61.21 ± 3.72 31 ± 1.52 7.03 ± 0.71 3.61 ± 0.26 34.66 ± 2.11 

C5 (Cow dung only) 63.97 ± 4.93 33 ± 4.04 7.5 ± 0.62 3.97 ± 0.21 39.67 ± 2.42 

C6 (Cow dung + NPK 

Fertilizer) 
69.72 ± 6.38 36 ± 2.51 7.8 ± 0.45 4.54 ± 0.17 44.48 ± 2.71 

C7 (NPK Fertilizer) 61.87 ± 4.26 29 ± 2.49 6.4 ± 0.3 3.77 ± 0.13 26.39 ± 1.61 

C8 (Control) 53.67 ± 4.14 23 ± 2.08 5.73 ± 0.15 2.86 ± 0.19 21.16 ± 1.29 

C9 (Raw chromium-asbestos 

mine waste only) 
42.36 ± 3.27 14 ± 2.52 4.7 ± 0.2 1.03 ± 0.07 11.24 ± 0.68 

C10 (Raw chromium-

asbestos mine waste + NPK 

Fertilizer)  

49.69 ± 3.83 17 ± 1.15 3.86 ± 0.90 1.69 ± 0.12 15.21 ± 0.92 

Treatment (LSD) 3.77 2.17 0.58 0.17 1.62 

p-value 0.042 0.184 0.236 0.151 0.006 

 

Various plant attributes, including PH, NCP, LC, and FWC were maximum in C6, followed by 

C2>C5>C1. The yield was significantly (LSD: 1.62, p: 0.006) higher in C2 (2.21-fold) and C6 

(2.05-fold) (CAMW vermicompost + NPK fertilizer), and the lowest yield was observed in C9 

and C10 (raw CAMW) treatments. This may result from the sustainable utilisation of a 

combination of inorganic and organic amendments, including cow dung and vermicompost. 

The finding may result from elevated organic carbon levels and nitrogen availability, as well 

as the synergistic effect of both inorganic and organic nutrients, which facilitated balanced 

nutritional absorption in the chilli plant. The findings aligned with Aslam et al. (2022), who 

illustrate the impact of integrated nutrient management practices on the physiological, 
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morphological, and yield parameters of chilli. Therefore, the integration of vermicomposted 

CAMW and chemical fertilizer offers a feasible solution for enhanced crop yield and 

sustainable waste management practice. 

4.5.2.7 Appraise the relationship among different attributes (bioavailable PTEs, 

microbial attributes, and agronomical parameters): an insight through correlation 

analysis   

A correlation plot was utilised to elucidate the association among different attributes 

bioavailable PTEs (Ni, Pb, Cu, Cd, and Cr), microbial attributes (MBC, FDA BSR, DHYG, 

SIR, UR, BDG, and ALP), biochemical traits (AA, TA, TSS, Pro, Lyco, CAPs, PUNG, 

TCAROT, TC), and agronomical (PH, NCP, LC, FWP, YP) parameters following the harvest 

of the chilli experiment and illustrated in Fig. 88.  

 

Fig. 88: Pearson Correlation analysis for evaluating the relationship among bioavailable PTEs, 

microbial-enzymatic parameters, biochemical properties, and agronomical attributes  
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A significant negative correlation [MBC (rBACr: -0.79, rBACd: -0.86, rBACu: -0.58, rBANi: 

-0.72, and rBAPb: -0.87), CAPs (rBACr: -0.54, rBACd: -0.60, rBACu: -0.39, rBANi: -0.48, 

and rBAPb: -0.64), and YP (rBACr: -0.65, rBACd: -0.69, rBACu: -0.48, rBANi: -0.59, and 

rBAPb: -0.74) was observed between the bioavailable PTEs and microbial, biochemical, and 

agronomical attributes. This suggests that by the time of harvest, PTEs concentrations had 

decreased, while microbial activity, organic acids, capsaicin content and agronomic traits 

showed improvement. Our findings were corroborated by Chakraborty et al. (2024).  

4.5.3 Pot experimental details with Sesame 

A pot investigation with Sesame (Sesamum indicum L.) was conducted from February to May 

2023 at the Indian Statistical Institute's agricultural farm in Jharkhand (Fig. 89).  

 

Fig. 89: Pictorial depiction of sesame cultivation 

The recommended fertilizer dose of 40:40:20 (N: P2O5: K2O) kg/ha was used, and each 

treatment was replicated three times. The treatment details are depicted in the Table 45.  

Table 45: Treatment description (Sesame) 

Order Treatment combination 

S1 Control (No amendment) 

S2 Chemical Fertilizer (NPK)100% 

S3 Cow dung (CD) 100% 

S4 CD 50% + Chemical Fertilizer (NPK) 50% 

S5 Chromium-asbestos mine waste Vermicompost (CAMW-VC 1:1) 100% 

S6 (CAMW-VC 1:1) 50% + Chemical Fertilizer (NPK) 50% 

S7 (CAMW-VC 1:2) 100% 

S8 (CAMW-VC 1:2) 50% + Chemical Fertilizer (NPK) 50% 
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CAMW-VC and cow dung were mixed into the soil in the pots 15 days prior to sowing. Well-

filled seeds sourced from the State Seed Corporation were shelled and treated with copper 

oxychloride (3g/kg) before being sown at a rate of 40 kg/ha. Standard agronomic practices, 

including planting density, watering, and pest control, were consistent across treatments. At 

harvest, soil quality, agronomic parameters (shoot length, root length, and yield) biochemical 

quality (protein, total chlorophyll, total soluble sugar), and bioavailable TEs content were 

measured using established protocols (Jha et al., 2023; Lowry et al., 1951; Page et al., 1982). 

4.5.3.1 Soil physico-chemical properties evaluation 

The effectiveness of vermicomposted CAMW as a soil amendment was assessed using a pot 

culture experiment with sesame (Sesamum indicum L.) as the test crop. In India, sesame is 

primarily grown during the pre-monsoon season on low-fertility lands with minimal external 

nutrient input and mainly relies on rainfed irrigation (Jha et al., 2023). Table 46 represents soil 

health status measurements taken before and after sesame cultivation under different 

treatments. The soil used in this study was characterized as mildly acidic, lateritic with low OC 

content, and deficient in NPK nutrients. A slight enhancement in soil nutrient levels was 

observed in plots treated with vermiconverted-CAMW during sesame cultivation. The pH 

increase was notably higher (towards neutral range) in the treatment (S6: CAMW-VC1:1 + 

NPK fertilizer), reaching 6.96 ± 0.34, followed by the treatment (S8: CAMW-VC1:2 + NPK 

fertilizer) at 6.61 ± 0.43 (p = 0.002). This pH improvement is due to the neutral pH of the 

CAMW-based vermicompost. Additionally, the organic carbon (TOC) level in the soil saw a 

1.30-fold rise with treatment (S6: CAMW-VC1:1 + NPK fertilizer), followed by(S4: Cow dung 

+ NPK fertilizer) treatment showed 1.16-fold and S8: CAMW-VC1:2 + NPK treatments, which 

achieved a 1.13-fold improvement (Table 46). Soil TOC availability is influenced by the 

decomposition of organic matter and the remaining crop residues (Lazcano et al., 2008).  The 

vermicomposting process introduces organic amendments that accelerate soil carbon 

mineralization, boost microbial activity, and stimulate the mineralization of nutrients like NPK. 

Additionally, PTEs are bound in soil organic matter, making them less available for plant 

uptake (Das et al., 2012). The overall NPK levels in the soil were significantly higher with the 

vermicomposted CAMW amendment, following the order S6 > S5 > S8 > S7 > S2 > S1(Table 

46). This observation may be due to the combined use of vermicompost and chemical 

fertilizers, which enhances the biological breakdown of organic matter. This process increases 

mineralized nitrogen in the soil and promotes the growth of phosphorus- and potassium-

solubilizing microbial communities, consequently stimulating the release of various 
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endogenous and exogenous soil enzymes. The findings align with Sahariah et al. (2020) and 

Gupta et al. (2021), indicating that vermicompost enhances NPK status and reduces the 

bioavailability of PTEs for plants. The aforementioned findings suggest that the efficient 

recycling of CAMW in agriculture via vermicomposting (CAMW mixed with cow dung) 

would be a desirable technique for environmental management while reducing CAMW landfill 

deposition.  

Table 46: Soil vitality status measurements taken before and after sesame cultivation under different treatments (Mean±SD) 

Treatments 
pH TOC (%) 

Avl. P 

(mg/kg) 

Avl. N 

(mg/kg) Ex. K (mg/kg) 

Cr 

(mg/kg) 

Ni 

(mg/kg) 

Cd  

(mg/kg) 

Pb 

(mg/kg) 

Cu 

(mg/kg) 

S1 (Control soil) 6.43±0.41 0.489±0.024 33.09±4.13 10.27±0.73 114.33±12.70 8.63±0.41 9.78±0.24 1.11±0.014 9.04±0.19 11.82±0.12 

S2 (NPK 

fertilizer) 
6.54±0.46 0.503±0.035 36.18±4.52 13.4±0.74 128.79±14.31 9.53±0.59 10.22±0.37 1.23±0.011 10.48±0.11 12.07±0.14 

S3 (Cow dung) 6.72±0.49 0.531±0.044 47.24±5.90 19.1±0.9 174.20±17.13 2.20±0.12 1.87±0.06 0.11±0.012 1.17±0.09 1.37±0.07 

S4 (Cow dung + 

NPK fertilizer) 
6.81±0.37 0.569±0.037 52.78±5.59 22.3±0.815 181.64±15.96 1.96±0.09 1.14±0.07 0.09±0.0003 0.87±0.048 1.08±0.04 

S5 (1:1 CAMW 

Vermicompost) 
6.88±0.29 0.606±0.041 54.89±6.86 24.16±1.09 185.13±20.57 8.16±0.57 8.57±0.27 0.56±0.07 6.89±0.24 6.18±0.21 

S6 (1:1 CAMW 

Vermicompost + 

NPK fertilizer) 

6.96±0.34 0.636±0.049 62.34±7.79 27.6±1.55 192.92±21.43 7.93±0.43 7.1±0.34 0.49±0.051 5.15±0.34 4.71±0.19 

S7 (1:2 CAMW 

Vermicompost) 
6.72±0.39 0.542±0.039 46.79±6.47 17.1±1.44 151.48±19.387 11.32±0.67 9.17±0.53 0.97±0.104 8.74±0.57 9.78±0.57 

S8 (1:2 CAMW 

Vermicompost + 

NPK fertilizer) 

6.61±0.43 0.557±0.042 49.04±6.13 19.49±1.40 179.41±19.93 10.69±0.07 7.14±0.47 0.81±0.101 5.47±0.29 7.49±0.39 

LSD (Treatments) 0.45 0.12 3.03 1.38 13.64 1.70 0.94 0.098 1.01 1.06 

p-value 0.002 0.05 0.028 0.001 0.05 0.015 0.003 0.004 0.001 0.006 

*Degree of freedom (df of treatment): 7; Confidence interval: 95% 

 

4.5.3.2 Estimation of PTEs bioavailability in soil and plant parts 

The statistical analysis (ANOVA) showed a notable reduction (LSDCr: 1.70, pCr: 0.015; LSDNi: 

0.94, pNi: 0.003; LSDPb: 1.01, pPb: 0.001)   in bioavailable (DTPA-extractable) PTEs in soil 

across all treatments compared to initial levels, with the most pronounced decrease occurring 

in the treatment (S6: CAMW-VC1:1 + NPK fertilizers) (Table 46). To evaluate PTEs 

movement from soil to plant parts (root, shoot, pod), PTEs were measured using different 

indices [Plantconcentration factor (PCF) and Planttranslocation factors (PTF)], as shown in Fig. 90, 

highlighting the ecological effects of CAMW-vermi-transformation. Concentrations of PTEs 

(Ni, Cd, Cr, Cu, and Pb) in sesame pods were found to be below detectable levels while the 

uptake was observed following the order: roots > shoots.  
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Fig. 90: Plant translocation and plant concentration factor of Sesame in pot experiment 

The Plantconcentration factor (PCF) analysis emphasizes PTEs uptake in roots, with the trend 

observed as Cr > Pb > Ni > Cu > Cd in the treated pots. The high accumulation of Cr may be 

attributed to its higher presence in the treatments compared to other PTEs and the least 

accumulation was observed in Cd. The preference for PTEs accumulation is influenced by 

factors such as initial concentration, plant species, and uptake potential. PTEs (basically Cr, Pb 

and Ni) are retained in plant roots by storing it in vacuoles or compartmentalizing it within 
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cells, which inhibits its transport through the xylem, as described by Page and Feller (2015). 

All treatments exhibited Planttranslocation factors (PTF) below 1, with the lowest value found in the 

treatment (S6: CAMW-VC1:1 + NPK fertilizers), indicating lower PTEs mobility compared to 

the treatment (S8: CAMW-VC1:2 + NPK fertilizers). Assessing the transfer of PTEs among 

plant sections (root, shoot, and grain) is essential for understanding bioaccumulation, which 

remained minimal across other treated pots. The results are consistent with the observations of 

Goswami et al. (2024), which show that incorporating vermicompost into soil effectively limits 

the uptake of PTEs into plants. 

4.5.3.3 Plant biochemical and agronomic attributes after harvest 

Vermicomposted CAMW (CAMW-VC) demonstrated positive effects on soil health, as shown 

by crop production results (Table 47). The CAMW-VC1:1+NPK (S6) fertilizer treatment 

produced a notably high yield of 20.98±2.31 g plant-1. Similarly, biochemical parameters 

(protein content, total soluble sugars, and total chlorophyll) were observed to be higher in 

treatment S6 compared to other treatments. The increased chlorophyll, sugar, and protein 

content in plants treated with CAMW-VC can be attributed to the enhanced availability of N, 

P, and K from vermicompost, which releases nutrients gradually, boosting nutrient efficiency 

and biomass quality more effectively than inorganic fertilizer treatment (S2). Additionally, 

treatments S6 and S4 resulted in the greatest plant shoot and root lengths, followed closely by 

S2, as indicated in Table 47.   

Table 47: Agronomical and biochemical properties of sesame plant after harvest (Mean±SD) 

Treatments 

Plant 

shoot 

length 

Plant 

root 

length 

Yield  Protein 

Total 

Soluble 

Sugar 

Total 

Chlorophyll 

cm cm (g plant-1) mg g-1 mg g-1 mg g-1 

S1  60.3±2.21 10.3±0.26 5.36±0.37 37.01±2.16 19.72±1.01 6.01±0.32 

S2  84±5.33 11.9±0.34 13.96±1.15 41.24±2.93 31.96±1.72 11.08±0.64 

S3  81.5±4.29 11.4±0.39 17.85±1.49 53.06±3.42 40.90±1.57 13.29±0.72 

S4  87.8±6.36 12.2±0.47 18.23±1.59 59.35±3.49 46.14±2.41 14.8±0.81 

S5  83±3.57 13.3±0.51 19.65±2.12 68.99±4.4 57.03±3.94 15.19±0.89 

S6  89.5±6.41 14.1±0.37 20.98±2.31 77.44±5.04 68.77±4.81 17.42±0.94 

S7  79.5±4.43 12.1±0.41 12.25±1.11 54.89±4.78 34.89±2.16 12.89±0.56 

S8  76.7±3.49 10.2±0.31 13.26±1.01 57.87±3.96 36.47±2.34 14.27±0.76 

LSD (Treatments) 3.35 0.36 2.11 4.53 5.9 1.19 

p-value 0.008 0.002 0.007 0.003 0.021 0.002 

 

The increase in biochemical attributes and low PTEs uptake in plant parts showed better growth 

in root and shoot length. This finding aligns with Charan et al. (2024), who reported that 
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combining organic sources with inorganic fertilizers results in improved yield and crop growth. 

All of the above findings indicate that the application of CAMW-VC is a good source of organic 

amendment for agriculture. 

4.5.4 Field experiment with Rice 

Field trials were conducted over two consecutive growing seasons (July–November) during 

2023–2024 for rice cultivation (Oryza sativa L) at the agricultural research farm of the Indian 

Statistical Institute in Jharkhand (Fig. 91). 

 

Fig. 91: Picture showing rice cultivation in the agricultural field 

For rice cultivation, a recommended fertilizer dose of 60:30:30 kg/ha (N: P₂O₅: K₂O) was 

applied. Treatment details are outlined in Table 48, with each treatment replicated three times.  

Table 48: Treatment details for rice cultivation in field 

Order Treatment details 

R1 Control (No amendment) 

R2 Chemical Fertilizer (NPK)100% 

R3 Cow dung (CD) 100% 

R4 CD 50% + Chemical Fertilizer (NPK) 50% 

R5 Chromium-asbestos mine waste Vermicompost (CAMW-VC 1:1) 100% 

R6 (CAMW-VC 1:1) 50% + Chemical Fertilizer (NPK) 50% 

R7 (CAMW-VC 1:2) 100% 

R8 (CAMW-VC 1:2) 50% + Chemical Fertilizer (NPK) 50% 

 

Vermicomposted CAMW and cow dung were incorporated into the soil two weeks prior to 

sowing. High-quality seeds sourced from the State Seed Corporation were treated with copper 

oxychloride before planting. Uniform agronomic practices—including irrigation, optimal 

planting density, regular weeding, and pest control—were maintained across all plots. Upon 



238 

 

completion of the trials, various parameters were assessed following standard evaluation 

protocols. 

4.5.4.1 Determination of physico-chemical attributes across the treatments of rice 

cultivation 

The efficacy of vermicomposted CAMW as a soil amendment was evaluated in a field 

experiment utilising rice (Oryza sativa L.) as the test crop. In India, rice is the predominant 

staple food and the most widely consumed crop in Asian and South Asian nations. The physico-

chemical parameters post-harvest are included in Table 49 from this field investigation. Post-

harvest, all treatments exhibited pH values between 6.93 and 7.58, attributable to the 

incorporation of organic materials such as vermicomposted CAMW and cow dung, which 

likely contributed to the elevated pH. These findings align with those of Zeb et al. (2020), who 

reported analogous results in their study of fly ash-based vermicompost applied to rice crops. 

Soil organic carbon (Table 49) exhibited increases (LSD: 0.38; p: 0.026) across all treatments 

post-harvest. The presence of soil organic carbon is contingent upon the breakdown of organic 

matter and the remaining crop residue (Lazcano et al., 2008). This observation closely parallels 

earlier research indicating that residue-derived carbon aggregates within clay structures, 

binding to soil macro-aggregates, thereby enhancing the humification ratio and significantly 

elevating SOC storage capacity upon crop harvest (Chivenge et al., 2011). The observed pattern 

of organic carbon throughout the treatments aligned with Kumar et al. (2023). Correspondingly, 

the Avl. N content in the soil increased post-harvest, as seen in Table 49.  Post-harvest, the 

highest Avl. N was recorded in treatments R4, R6, and R3 in that order. This result is likely due 

to the concentrations of organic matter and their biological decomposition, which indicate the 

existence of mineralised nitrogen in the soil (Turrión et al., 2012). A significant increase in the 

soil's availability of macronutrients, specifically potassium (Ex. K) and phosphorus (Avl. P), 

was observed post-harvest. The heightened tendency of Ex. K and Avl. P was most pronounced 

in treatments R6 (Avl. P: 88.07±6.36 mg/kg; Ex. K: 249.77±18.72 mg/kg) and R4 (Avl. P: 

83.27±6.29 mg/kg; Ex. K: 268.45±21.58 mg/kg). The findings align with the observations of 

Das et al. (2016), indicating that the judicious application of vermicompost in conjunction with 

chemical fertilizers markedly enhanced the diversity and proliferation of phosphorus and 

potassium-solubilizing microbial communities, subsequently promoting the release of various 

endogenous and exogenous enzymes in the soil. 

 



239 

 

Table 49: Soil physico-chemical and bioavailability PTEs in soil after rice cultivation under different treatments (Mean±Standard deviation)  

Treatments pH TOC (%) 
Avl. N 

(mg/kg) 

Avl. P 

(mg/kg) 
Ex. K (mg/kg) 

BA_Cr 

(mg/kg) 

BA_Ni 

(mg/kg) 

BA_Pb 

(mg/kg)  

R1 (Control soil) 6.88±0.51 0.42±0.018 13.68±1.09 58.24±3.29 173.16±12.32 7.29±0.63 6.29±0.51 6.82±0.42  

R2 (NPK fertilizer) 6.96±0.44 0.49±0.032 17.57±1.37 66.63±4.63 188.25±14.09 8.13±0.73 7.68±0.67 7.41±0.61  

R3 (Cow dung) 7.46±0.63 0.64±0.036 26.62±1.32 78.91±5.81 253.89±19.33 0.93±0.08 0.76±0.04 1.03±0.09  

R4 (Cow dung + NPK 

fertilizer) 
7.58±0.49 0.69±0.029 29.68±1.54 83.27±6.29 268.45±21.58 1.13±0.06 0.88±0.07 0.94±0.03  

R5 (1:1 CAMW 

Vermicompost) 
7.29±0.38 0.73±0.027 23.61±1.37 79.89±4.22 237.96±17.64 10.29±0.72 9.23±0.65 6.12±0.17  

R6 (1:1 CAMW 

Vermicompost + NPK 

fertilizer) 

7.18±0.36 0.78±0.031 28.65±1.41 88.07±6.36 249.77±18.72 8.12±0.49 5.81±0.22 4.23±0.11  

R7 (1:2 CAMW 

Vermicompost) 
6.93±0.47 0.53±0.036 19.72±1.53 69.89±3.17 221.17±16.98 16.72±1.22 14.29±1.01 11.04±1.02  

R8 (1:2 CAMW 

Vermicompost + NPK 

fertilizer) 

6.98±0.52 0.56±0.038 22.79±1.42 73.17±6.11 233.09±21.23 14.39±1.09 13.62±1.12 9.13±0.78  

LSD (Treatments) 1.79 0.38 2.73 3.68 14.57 0.73 1.66 0.94  

p-value 0.048 0.026 0.0033 0.0021 0.0018 0.001 0.018 0.027  

 

4.5.4.2 Bioavailability of PTEs status evaluation at post-harvest across different 

treatments 

The bioavailability of the different PTEs is dependent upon two fractions: water-soluble phases 

and exchangeable phases. PTEs from these two phases can easily bioaccumulate in the soil 

matrix, resulting in PTEs toxicity in the soil. The concentrations of PTEs (Cr, Ni, and Pb) 

reported in the table indicate that the Cr concentration was notably (LSD: 0.73; p: 0.001) low 

in treatments R6 and R5 (Table 49). Treatments including inorganic and organic amendments 

markedly decreased concentrations of other PTEs such as nickel (Ni) and lead (Pb), suggesting 

a balance between the availability of PTEs in the soil and their transfer to the crops. 

Comparable results were documented (Mondal et al., 2020). He et al. (2021) identified soil pH 

and organic matter content as primary drivers of the bioavailability of PTEs in the soil. In the 

field investigation, the concentrations of PTEs such as Pb, Cr, and Ni, which were initially 

elevated, were decreased in varying ratios due to vermicomposted treatments. These results 

were analogous to the prior observations made by Sarkar et al. (2023). 

4.5.4.3 Estimation of bioconcentration and translocation factor of rice plant after harvest 

The movement of PTEs from soil to plants was influenced by many plant attributes, including 

rhizospheric properties, root selectivity, and absorption physiology (Mondal et al., 2020). The 

movement of PTEs in plants was examined using various factors, including the plant 

translocation factor (PTF), which is based on the PTEs content in the root and shoot of the 

plant, and the plant bioconcentration factor (PBCF), which relies on the concentration of PTEs 
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in the soil and their uptake by the plant roots. The lowest PBCF value was recorded for Cr, 

whereas the PBCF value for Pb was notably elevated in treatments R5 and R6 (Table 50). The 

observed phenomenon may be attributed to the oxidation state of Cr, which quickly dissolves 

and is assimilated by the crop's roots. The PBCF values for all PTEs were low in treatments 

R3 and R4. The rationale for the finding was the initially low concentration of PTEs in cow 

dung. The PTF was minimal in treatment R6 (CAMW-VC1:1 + NPK fertilizers) for all the 

PTEs. The PTF values were under 1, suggesting restricted translocation of PTEs. The decrease 

in metal mobility facilitated the development of the test crop, rice. 

Table 50: Different indices to determine PTEs accumulation and mobility in rice plant 

Treatments PBCF_Cr PTF_Cr PBCF_Pb PTF_Pb PBCF_Ni PTF_Ni 

R1 0.087 0.426 0.063 0.842 0.052 0.588 

R2 0.102 0.416 0.076 0.542 0.063 0.477 

R3 0.313 0.535 0.274 0.516 0.346 0.667 

R4 0.232 0.662 0.234 0.471 0.246 0.622 

R5 0.451 0.354 0.477 0.364 0.435 0.223 

R6 0.387 0.387 0.492 0.332 0.541 0.205 

R7 0.319 0.561 0.313 0.503 0.377 0.259 

R8 0.326 0.459 0.292 0.418 0.291 0.263 

 

4.5.4.4 Investigation of agronomic properties across different treatments at post-harvest 

The various treatments exhibited notable differences in agronomic characteristics (plant height, 

1000 grain weight, grain yield, and straw yield) as seen in Table 51. Treatments R6 (131.6±7.46 

cm) and R4 (129.5±8.37 cm) had the highest crop heights (p:0.072), followed by R2 

(127.5±13.64 cm). The integration of organic sources with inorganic fertilizers has 

demonstrated superior physical characteristics compared to the exclusive use of chemical 

fertilizers. Our results align with the findings of Sarker et al. (2024). Treatments R6 and R4 

had a greater 1000-grain weight compared to the control treatment R1. Yang et al. (2004) 

indicated that the integration of chemical fertilizers and organic manure enhanced the weight 

of 1000 grains. Treatment R6 had the highest straw (p:0.032) and grain (p:0.017) production, 

followed by treatments R4, R5, and R2. The treatment, including only chemical fertilizers (R2) 

supplies nutrients for a limited duration because of the rapid mineralisation of nitrogen (Jha et 

al., 2024). A mix of organic sources and inorganic fertilizers has demonstrated superior grain 

production benefits compared to the sole use of chemical fertilizers. Inorganic fertilizers and 

organic manure can boost vegetative development in plants, hence increasing rice straw 
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production. Mehmood et al. (2018) reported that the use of chemical fertilizers and organic 

manure improved rice straw yields. 

Table 51: Biochemical and agronomic parameters of rice post-harvest (Mean±Standard deviation) 

Treatments 

Total 

Chlorophyll 
Protein 

Total 

Soluble 

Sugar 

Plant 

Height  

1000 

Grain 

Weight 

Straw 

Yield 
Grain Yield  

mg g-1 mg g-1 mg g-1 cm g (t ha-1) (t ha-1) 

R1 6.83±0.41 18.13±1.06 41.07±3.21 120.8±8.53 21.86±1.82 2.20±0.16 1.12±0.08 

R2 7.21±0.54 21.95±1.49 44.13±3.71 127.5±13.64 23.65±1.73 2.44±0.19 1.24±0.11 

R3 9.34±0.73 28.38±1.34 49.02±3.53 126.3±9.28 25.04±2.71 3.92±0.26 1.72±0.14 

R4 9.76±0.64 33.09±2.09 53.48±4.46 128.2±7.17 27.81±2.93 4.18±0.32 1.81±0.13 

R5 9.48±0.52 29.71±1.76 51.67±3.82 129.5±8.37 26.29±2.81 3.96±0.24 1.79±0.09 

R6 10.87±0.49 34.09±1.43 56.73±3.44 131.6±7.46 28.08±2.04 4.36±0.21 1.88±0.08 

R7 8.49±0.66 24.46±1.72 47.94±4.67 121.4±8.19 24.45±2.37 3.67±0.28 1.46±0.12 

R8 8.82±0.62 27.79±1.88 49.54±4.04 125.2±12.57 23.19±2.98 3.78±0.23 1.58±0.14 

LSD (Treatments) 2.53 3.13 1.76 2.29 1.59 0.43 0.21 

p-value 0.002 0.009 0.014 0.072 0.041 0.032 0.017 

 

4.5.4.5 Biochemical parameters estimation at post-harvest of rice experiment 

The biochemical parameters, comprising total chlorophyll, protein, and total soluble sugar, 

were assessed for the harvested rice crops, as illustrated in the Table 51. The total chlorophyll 

content was elevated in treatments (R6: 10.87±0.49 mg g-1) that utilised a mix of organic and 

inorganic amendments, consistent with the findings of Gupta et al. (2014). The protein 

concentration was notably significant (p: 0.014) in treatments R6, R4, and R5.  The highest 

protein content recorded in treatment R6 (CAMW-VC1:1 + NPK fertilizers: 34.09±1.43 mg g-

1) aligns with the findings of Jha et al. (2024). The total soluble sugar was found to be highest 

in R6 and R4, followed by R5, with statistical significance (p: 0.014). Multiple chemical 

processes involving sugar are used to provide energy (Xia and Cheng, 2004). The incorporation 

of organic compost, specifically cow dung and vermicompost, in conjunction with chemical 

fertilizers, promotes beneficial soil microorganisms and offers a sustainable nutrition supply 

for plants (Jha et al., 2024).           

Therefore, this study emphasizes the potential use of vermicomposted PTE-enriched vetiver 

and vermicomposted CAMW as organic amendments in agricultural fields, which could 

improve crop productivity, as demonstrated by our findings. Additionally, exploring the long-

term effects of PTE-EVVc and CAMW-VC on soil and plant health would provide deeper 

insight into the sustainability of the vermi-remediation approach. 
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Chapter 5: Conclusion and Summary 

 

The fundamental goal of this study was to characterize soil contaminated by chromite-

asbestos mine waste (CAMW) generated from mining activities. It aimed to assess the levels 

of PTE contamination, predict potential future health risks, and explore various 

bioremediation strategies (phytoremediation associated with mycorrhiza and vermi-

remediation approaches) that could be beneficial for both environmental restoration and 

agricultural sustainability. This study was conducted to evaluate the source, accumulation, 

and human health risks associated with PTEs in the soil from the chromite-asbestos mines 

(Roro mines), in India. In the study area, various indices such as (PI, CI, Igeo and ERI) 

provided the order of contamination level of PTE in the study area (Site1>Site2>Site3). In 

accordance with a variety of the indices and hazard indices, exposure to toxic mine tailings 

poses significant health risks to humans (especially children), with ingestion presenting one 

of the most important routes of exposure. Also, Monte Carlo simulation combined with the 

health risk assessment was evaluated the concentration-oriented health risks, and the results 

showed that all populations (adults and children) had acceptable NCRs for PTEs, while TCRs 

remained high. By identifying clusters of similar metal content in soil, SOM maps were able 

to classify the degree of pollution by identifying groups of high and low polluted areas. PMF 

analysis denotes that natural source (mine) and industrial source (mine industry, mining 

activity, mine residues) account for the majority of Cr and Ni pollution, while traffic and 

agriculture account for Cd, Cu, and Pb. Also, the concentration of PTEs mainly Cr and Ni in 

soil and rice plant parts (roots, shoots, and raw grains) are significantly higher and exceed the 

permissible limit set by WHO in site 1 and site 2 as compared to site 3. PTEs (mainly Cr and 

Ni) contaminated rice grain could increase the risk of cancer, based on the results of FIAM-

HQ and SAMOE-TCR approaches. This study also provides information regarding the 

accumulation of each PTE in different rice parts (H, WH, BR, and ST), spatial distribution 

patterns, dietary risk, and risk evaluation through different indices. The results revealed that 

mainly Cr and Ni pollution was maximum in agricultural soil and rice parts, and model-based 

assays like SAMOE, Fuzzy-TOPSIS, and ANN suggest that intake of cooked rice (containing 

Cr) might be unsafe for humans and animals. MCS-Sensitivity analysis also demonstrated 

that children were more vulnerable to carcinogenic risk. Through the ML approaches, RF was 

the best-fit model for Cr and Ni, which contributed the maximum dietary risk in rice parts. 

From the aforementioned data, it can be inferred that PTEs from chromite mine waste have 
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leached into the adjacent agricultural soil and were directly affecting the rice components. 

The majority of living things in South Asian countries use rice as a basic food source; hence, 

long-term consumption of rice might soon pose the risk of various diseases, including cancer. 

The survey-based DEMATEL approach also supports the findings that cooked rice and starch 

rice consumption might be detrimental to health. In addition, this study employed a 

comprehensive strategy to investigate the spatial associations among different microbial 

communities subjected to stressful conditions, specifically PTEs and alkalinity-induced 

stress. The mobility of PTEs enhanced a challenging environment for the soil microbial 

community. Changes in soil ecophysiology in the impacted areas were mostly caused by 

extensive mining and inappropriate disposal of hazardous mine waste. This investigation was 

to identify an optimal model for accurately detecting the specific stressors that lead to 

changes in the soil microbial community. The noted decrease in microbial diversity and 

alterations in soil phylogeny within the affected areas were expected to have a significant 

influence on the overall functioning of the ecosystem. The restoration of the biome and the 

physiological response of microbial communities in soil were contingent upon the inherent 

genetic potential present within the microbiome. This study can serve as a benchmark for 

identifying stressors that contribute to soil health status, enabling the implementation of 

appropriate agricultural practises or remediation strategies. 

Plant–microbe-based bioremediation offers several advantages for environmental cleanup, 

including eco-friendliness, cost-effectiveness, and the ability to sustainably reduce 

contaminant levels, making it a promising approach for effective remediation of polluted 

sites. This study evaluated the effectiveness of vetiver in remediating chromium within a 

hydroponic setup, demonstrating the potential of this phytoremediation approach. The 

findings provide a comprehensive understanding of vetiver’s capacity for Cr uptake and its 

suitability for use in chromium removal from contaminated water systems. The most 

significant reduction of Cr at 75 mg L⁻¹ was observed by day 14, along with its accumulation 

in both the roots and shoots of vetiver, accompanied by variations in agronomic and 

biochemical traits. These findings offer valuable insights into the chromium tolerance and 

remediation potential of vetiver, highlighting its effectiveness as a green solution for Cr-

removal. Applying vetiver to CAMW-contaminated soil presents both a challenge and an 

opportunity to enhance remediation efficiency. By incorporating mycorrhizal cultures, the 

effectiveness of vetiver in managing not only Cr but also a range of other PTE pollutants can 

be significantly improved, offering a promising and sustainable solution for soil 
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rehabilitation. Therefore, mycophytoremediation is regarded as a cost-effective, natural, 

environmentally friendly, and efficient strategy to improve the PTEs removal capabilities of 

plants used in remediation. Suitable AMF inoculation in vetiver plants promotes root growth, 

mitigates PTEs toxicity, alters bioavailability of PTEs in soil, and offers a promising 

approach for restoring soils degraded by chromite-asbestos mining activities. This study 

highlights the positive impact of specific AMF species including Glomus hoi, Funneliformis 

coronatum, Claroideoglomus claroideum, and Claroideoglomus etunicatum on the growth of 

vetiver planted in field soil containing chromite-asbestos mine wastes. AMF inoculation 

facilitating better phytoextraction and phytostabilization processes, as well as increased soil 

enzyme activity. Among the four AMF species tested, Glomus hoi and Funneliformis 

coronatum were found to be the most effective for multi-PTEs-polluted sites, enhancing TEs 

accumulation in vetiver roots while limiting translocation to the shoots. The model-based 

approaches validate the efficiency of mycophytoremediation potential. This study provides 

valuable insights into the potential application of the vetiver-AMF (arbuscular mycorrhizal 

fungi) combination for remediation purposes, demonstrating its effectiveness in mitigating 

PTEs in contaminated soil. Hence, following the myco-phytoremediation process, vetiver 

plants enriched with PTEs were harvested, having accumulated significant amounts of 

contaminants in both roots and shoots. Given the potential risk of environmental re-

contamination through shedding from the exposed shoot parts, these portions were separately 

collected and managed using vermi-remediation technology, offering a sustainable solution 

for safe disposal and resource recovery. The vermicomposting of PTE-enriched vetiver (PTE-

EV) mixed with cow dung (1:1) effectively neutralized acidity, improved NPK content, and 

stabilized organic carbon mineralization. Earthworm activity was significantly enhanced in 

these mixtures, contributing to the overall efficiency of the process. Notably, substantial 

reductions in toxic metals such as Pb, Ni, and Cr were recorded in the vermibeds. Correlation 

analysis further revealed that increased microbial activity was associated with the reduction 

of PTEs during vermicomposting. These findings highlight the potential of vermicomposted 

PTE-EV as a valuable organic amendment for agricultural use, warranting further evaluation 

through crop-specific trials. 

Another aspect, chromite-asbestos mine waste (CAMW), produced in large volumes 

worldwide, poses a significant environmental challenge due to its high concentrations of 

PTEs, underscoring the urgent need for effective and sustainable remediation strategies. This 

study also pioneers the use of vermi-remediation technology to sustainably and efficiently 
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convert CAMW into valuable fertilizer. The vermicomposting process neutralized CAMW 

acidity, enhanced NPK levels, and stabilized organic carbon mineralization. Earthworm 

growth was notably stimulated in the feedstock mixes of CAMW and cow dung (1:1). 

Earthworms under stress initially showed elevated superoxide dismutase and peroxidase 

activity, which later decreased as vermicompost matured. The CAMW-based feedstocks also 

saw increased earthworm reproduction and heightened microbial and enzymatic activity. 

Additionally, significant reductions in toxic metals (Pb, Ni, Cr, and Cd) were observed within 

the vermibeds. PLFA analysis revealed valuable insights into how different feedstock mixing 

ratios impacted stress factors, suggesting that a shift from Gram-negative to Gram-positive 

bacterial communities and fatty acids profiles (straight chain and branched chain) may serve 

as a defence mechanism in the vermibeds to mitigate the stress from TEs. In summary, the 

1:1 mixture of CAMW and cow dung proved to be especially suitable for the growth and 

activity of E. fetida. The PLFA-model based Sobol sensitivity analysis further validate the 

high quality of vermicomposted feedstocks, attributed to increased microbial community 

structure. The study concludes that earthworm-driven vermicomposting effectively detoxifies 

CAMW, creating nutrient-rich fertilizer for agriculture. Exploring the long-term effects of 

vermicomposted CAMW on soil health could provide valuable insights and present a 

compelling avenue for future research.   

The overall research paves the way for utilizing vermicomposted PTE_EV and CAMW as an 

organic amendment in diverse agricultural systems, including tomato, chilli, sesame, and rice, 

to evaluate its broader applicability, long-term viability, and assessing its impacts on soil 

microbial diversity across multiple cropping cycles. The research assessed vermicomposted 

CAMW and vermicomposted PTE-EV combined with organic and inorganic additions, with 

the objective of enhancing soil health, increasing microbial activity, the growth and 

development of plant (irrespective of crop) and yield, as well as mitigating PTEs toxicity. The 

results indicated no immediate impact on soil quality or yield, supporting both 

vermicomposted products as an advantageous soil conditioner that improves microbiological 

and chemical qualities without jeopardising crop productivity. The combined application of 

vermicomposted products and chemical fertilizers reduced PTEs accumulation in plant roots, 

with minimal or negligible presence detected in the edible portions of the crop. Therefore, 

this study suggested that both vermicomposted product [1:1 ratio combined with chemical 

fertilizer] serve as a feasible substitute for conventional organic manure promoting 

sustainable industrial waste management, and supporting long-term soil resilience. 
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A review and meta-analysis of the
efficacy of arbuscular mycorrhizal
fungi in remediating toxic metals
in mine-affected soils

Sonali Banerjee1, Jajati Mandal2, Dibyendu Sarkar3, Rupali Datta4

and Pradip Bhattacharyya1*
1Agricultural and Ecological Research Unit, Indian Statistical Institute, Giridih, Jharkhand, India, 2School of
Science, Engineering & Environment, University of Salford, Salford, United Kingdom, 3Department of
Civil, Environmental, and Ocean Engineering, Stevens Institute of Technology, Hoboken, NJ,
United States, 4Department of Biological Science, Michigan Technological University, Houghton, MI,
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Mines are natural reservoirs of various minerals, metals, and metalloids. Several
heavy metals (HMs), such as Pb, Cd, Cr, Cu, and Ni, are major anthropogenic
pollutants that cause severe environmental pollution. The accumulation of these
toxic HMs in soils has raised several concerns for crop growth, food safety, and
marketing. Physiological and biochemical processes in plants are severely
impacted by HMs, disrupting normal metabolic activities and reducing
biomass production. Phytoremediation plays a pivotal role in addressing HM
contamination by offering an eco-friendly, economical, and holistic solution.
Similarly, arbuscular mycorrhizal fungi (AMF) play a significant role by forming a
symbiotic relationship with plant roots. In this association, plants provide root
exudates, while AMF enhance plant growth under heavymetal stress by supplying
essential nutrients, minerals, and water. These fungi also improve nutrient status,
soil quality, and ecosystem stability. The present review and meta-analysis
encompass an examination of the global distribution of toxic HMs in mining-
affected areas. Furthermore, the study highlights the role of various plant species
and microbes, particularly AMF, in mitigating HM stress and its impact on plant
growth and nutrition. The meta-analysis also evaluates the efficacy of AMF as a
remediation strategy for HM-impacted mine soils.

KEYWORDS

mines, heavy metals, phytoremediation, arbuscular mycorrhizal fungi, meta-analysis

1 Introduction

Human-driven activities such as agriculture, mining, industrial processes, and the
extensive use of fertilizers and pesticides have escalated the demand for land resources since
the twentieth century (Cheng, 2016). Heavy metal pollution, desertification of land,
ecological imbalance of land, soil erosion, land degradation, environmental damage, and
decreased soil fertility are all major environmental factors that have severe effects on soil,
water, and air (Nosrati and Collins, 2019; Vaverková et al., 2019). Heavy metal (HM)
pollution is a global phenomenon. Metal mining and mineral ore processing have a dual
effect on the economy and the environment. From one perspective, they provide economic
benefits to the country, and simultaneously, they cause environmental pollution. Abundant
and active mines are the primary source of toxic HMs. During the rainy season, due to heavy
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Assessing pollution and health risks from chromite mine tailings
contaminated soils in India by employing synergistic statistical approaches
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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Mines and Mining activities pose the
greatest ecological threats.

• The Chromite-Asbestos Mine's
agroecosystem was contaminated with
potentially toxic elements (PTEs), particu-
larly Cr and Ni.

• PTE bioavailability may shed light on soil-
crop-human transit and boost their pres-
ence in food chains.

• Studies using FIAM-HQ and SAMOE-TCR
show PTEs (Cr and Ni) contaminated rice
grain may increase cancer risk.

• Integrate the health risk assessment with
the positive matrix factorization to iden-
tify pollution sources

A B S T R A C TA R T I C L E I N F O

Editor: Deyi Hou

Keywords:
Chromite -asbestos mine
Potentially toxic elements
Soil and health risk evaluation
Multi-model analysis
Source apportionment

Potentially toxic elements (PTEs) contamination in the agricultural soil can generate a detrimental effect on the eco-
system and poses a threat to human health. The present work evaluates the PTEs concentration, source identification,
probabilistic assessment of health hazards, and dietary risk analysis due to PTEs pollution in the region of the chromite-
asbestos mine, India. To evaluate the health risks associated with PTEs in soil, soil tailings and rice grains were col-
lected and studied. The results revealed that the PTEs concentration (mainly Cr and Ni) of total, DTPA-bioavailable,
and rice grain was significantly above the permissible limit in site 1 (tailings) and site 2 (contaminated) as compared
with site 3 (uncontaminated). The Free ion activity model (FIAM) was applied to detect the solubility of PTEs in pol-
luted soil and their probable transfer from soil to rice grain. The hazard quotient values were significantly higher than
the safe (FIAM-HQ < 0.5) for Cr (1.50E+00), Ni (1.32E+00), and, Pb (5.55E+00) except for Cd (1.43E−03), Cu
(5.82E−02). Severity adjustment margin of exposure (SAMOE) results denote that the PTEs contaminated raw rice
grain has high health risk [CrSAMOE: 0.001; NiSAMOE: 0.002; CdSAMOE: 0.007; PbSAMOE: 0.008] for humans except for
Cu. The Positive matrix factorization (PMF) along with correlation used to apportion the source. Self-organizing map
(SOM) and PMF analysis identified the source of pollution mainly from mines in this region. Monte Carlo simulation
(MCS) revealed that TCR (total carcinogenic risk) cannot be insignificant and children were the maximum sufferers rela-
tive to adults via ingestion-pathway. In the spatial distributionmap, the region nearer tomine is highly prone to ecological
risk with respect to PTEs pollution. Based on appropriate and reasonable evaluationmethods, this workwill help environ-
mental scientists and policymakers' control PTEs pollution in agricultural soils near the vicinity of mines.
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Abstract  The chromite-asbestos mining leaves 
behind tonnes of toxic waste, contaminating nearby 
agricultural fields with potentially toxic elements 
(PTEs). Over time, wind and water erosion spread 
these pollutants, severely impacting the ecosystem, 
food chain, and human health. This study evaluates 
the bioaccessible (stomach and intestinal phases) and 
leachable forms of PTEs, emphasizing the health and 
dietary risks associated with PTE pollution in this 
region. The study result indicates that the leachable 
and bio-accessible PTEs concentrations in agricul-
tural soil, mainly Cr and Ni, were higher in zone 1 
(mine tailings dumping area) and zone 2 (tailings 
contaminated soil) than zone 3 (uncontaminated soil). 
PTEs content in rice parts, mainly in boiled rice, 
showed moderate risk in the SAMOE model from Cr 
(0.011) and Ni (0.013) while in rice (without husk), it 
indicated high (class 5) dietary risk. The Fuzzy-TOP-
SIS, artificial neural network, and Monte-Carlo simu-
lation models all demonstrated that Cr was the major 

contributor to anthropogenic risk. Compared to adults 
(5.08E-05), children (1.88E-03) were more vulner-
able to total carcinogenic risk via ingestion pathway. 
Machine learning methods have been implemented to 
forecast the effects of leachable PTEs on soil-rice sys-
tems and possible health hazards associated with con-
suming food from the chromite-asbestos waste-con-
taminated zone. The survey-based Fuzzy-DEMATEL 
technique also showed that consumption of starch and 
cooked rice were the most crucial factors influencing 
the population’s health risk. Overall, the implications 
of the statistical model may aid in assessing potential 
health hazards and enhancing regulations for ecosys-
tem preservation.

Keywords  Hazardous PTEs · Health risk · Taylor · 
Fuzzy-DEMATEL · Anthropogenic hazards

Introduction

The global industrialization of the mining industry, 
especially in developing countries (China, India, and 
Bangladesh), has led to an increase in the concentra-
tion of potentially toxic elements (PTEs) in aquifers, 
crops, and agricultural soils as a result of mining, 
mine effluents, and mine tailing waste deposition 
(Pradhan et  al., 2020; Zhu et  al., 2018). The con-
tamination of PTEs in the environment occurs from 
natural sources, including weathering, erosion, and 
eroding of the parent rock. Similarly, anthropogenic 
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A B S T R A C T   

Soil microbial communities undergo constant fluctuations, particularly in response to environmental factors. 
Although the deposition of toxic mine waste is recognized for introducing potentially hazardous elements (PHEs) 
into the soil, its specific impacts on microbial communities remain unclear. This study aims to explore the 
combined effects of soil alkalinity and bioavailable PHEs on microbial diversity and traits in agricultural soil 
adjacent to a chromium-asbestos mining area. By employing a comprehensive analysis, this study indicated that 
microbiological attributes were reduced in contaminated areas (zone 1), whereas both the levels of bioavailable 
PHEs (CrWs: 31.08 mg/kg, NiWs: 13.90 mg/kg) and alkalinity indices (CROSS, MCAR, MH) were significantly 
higher. The spatial distribution of soil alkalinity and bioavailable PHEs, primarily originating from chromium- 
asbestos mines, has been determined. This study also elucidates the negative relationship between soil 
stressors (Alkalinity and PHEs) and microbial activities (soil enzymatic activity, microbial respiration, and 
biomass carbon). The vector’s length exhibited a notable difference between zone 1 (0.51) and zone 2 (0.32), 
indicating a substantial limitation on carbon (C). Also, the investigation of soil bacterial diversity unveiled 
notable disparities in the prevalence of microbial populations inside zone 1. Proteobacteria constituted 57.18% of 
the total population indicating a noteworthy prevalence in the contaminated soils. Finally, the random forest 
(RF) algorithm from machine learning was selected and proven to be a robust choice in Taylor diagrams for 
predicting the causative stressors responsible for the deterioration of soil microbial health. Therefore, this 
research offers insights into the health and resilience of soil microbial communities under synergistic stress 
conditions, which will aid environmentalists in planning future interventions and improving sustainable farming 
techniques.   

1. Introduction 

Soil is the natural habitat for a diverse range of living organisms, 
encompassing plants, animals, and microorganisms (Kuang et al., 2016). 
Microorganisms, being the most predominant group present on Earth, 
serve a vital role in maintaining the biological activity and biodiversity 
within the soil. Since soil microorganisms are highly sensitive to changes 
in their environment, they are frequently used as accurate stress in
dicators of the environment (Schloter et al., 2003). Nevertheless, both 

anthropogenic and natural stressors have the potential to induce dis
turbances in microbial biodiversity. The alteration of microbial com
munities is strongly linked to variations in physicochemical factors, such 
as pH, temperature, and cationic stress (Xiong et al., 2012). Addition
ally, imbalances in nutrient levels (Zhang et al., 2017), improper agri
cultural practices (such as pesticide and chemical fertilizer usage), 
industrial effluents, mining activities, and the presence of toxic potential 
hazardous elements (PHEs) have been recognized as key factors that 
influence changes in microbial communities (Sarma et al., 2022; 
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A B S T R A C T

Chromite-asbestos mine waste (CAMW), a highly toxic byproduct induces significant environmental contami
nation, currently lacks sustainable recycling solutions. This study aimed to assess the potential of vermi- 
remediation technology for transforming hazardous CAMW into valuable agricultural resources. The key ob
jectives were to determine the suitable feedstock combination for effective vermi-remediation, offer new insights 
regarding microbe-toxic elements (TEs) interactions during vermicomposting, and validate the efficacy of Eisenia 
fetida by examining the CAMW-induced alterations in microbial community structure, TEs removal, and nutrient 
dynamics. To achieve this goal, cow dung (CD) was combined with CAMW at ratios (1:1 and 1:2) for large-scale 
vermicomposting, with results compared to CD alone. The findings revealed that earthworm counts in CAMW- 
vermibeds increased by 4.89–5.92 times. Bioavailable TEs levels (Ni, Cd, Cr, Pb, and Cu) were significantly 
reduced up to 80 % in vermibeds. Additionally, CAMW-rich mixtures [T1: CD+CAMW (1:1)] saw significant 
acidity neutralization, improved organic carbon mineralization, and increased NPK levels. Vermicomposting 
showed greater microbial proliferation and enzyme activity in T1 Species-diversity and phospholipid fatty acid 
(PLFA)analysis revealed that the structure of microbial communities and fatty acid profiles showed substantial 
variation with varying CAMW content in vermibeds. Further Sobol analysis demonstrated the susceptibility and 
resilience of microbial populations in response to certain TEs. Ultimately, CAMW-vermicompost application 
boosted sesame growth and improved soil health with negligible TEs transfer. Overall, we believe this study 
provides an initial step towards understanding the eco-friendly transformation of toxic CAMW into beneficial 
organic soil amendments, promoting sustainable mine-waste management and ecosystem health.

1. Introduction

Soil health is essential for sustainable agricultural development, 
which is vital for securing food supplies and supporting terrestrial 
ecology [78]. However, extensive industrialization and the moderniza
tion of various farming practices, especially the overuse of pesticides 
and chemical fertilizers along with mining activities and the careless 

disposal of mine waste containing toxic elements (TEs: Ni, Cd, Cr, Cu, 
and Pb), have resulted in the contamination of adjacent farmlands, 
thereby reducing crop yield and quality worldwide [68]. 
Chromite-asbestos mine waste (CAMW) disperses rapidly due to envi
ronmental influences like heavy rainfall, strong winds, and natural 
processes such as weathering and erosion. Human activities further 
accelerate this spread, all contributing to significant harm to the 

Abbreviations: CAMW, Chromite-asbestos mine waste; CD, Cow dung; TEs, Toxic elements; Avl. N, Available Nitrogen; Avl. P, Available Phosphorus; EX. K, 
Exchangeable Potassium; EC, Electrical conductivity; TOC, Total organic carbon; PLFA, Phospholipid fatty acid; VCT, Vermi-remediation technology; PCA, Principal 
component analysis; RSD, Relative standard deviation; BAF, Bioaccumulation factor; SOD, Super oxide dismutase; CAT, Catalase; POX, Peroxidase; NBR, Nutritional 
benefit ratio; MBC, Microbial biomass carbon; MBN, Microbial biomass nitrogen; MBP, Microbial biomass phosphorus; SIR, Substrate-induced respiration; BSR, Basal 
soil respiration; BG, β-glucosidase; U, Urease; AP, Alkaline phosphatase; DHG, Dehydrogenase; FDA, Fluorescein diacetate; SDI, Shannon diversity index; SEI, 
Shannon evenness index; EVI, Evar index; VC, Vermicompost; PCF, Plant concentration factor; PTF, Plant translocation factor; BA, Bioavailable; CAMW-VC, 
Chromite-asbestos mine waste Vermicompost; MUFA, Monounsaturated fatty acids; PUFA, Polyunsaturated fatty acids; DMA, Dimethyl Acetal.
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Enhancing mycophytoremediation potential of Chrysopogon zizanioides in 
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natural bioaccelerator for soil ecosystem rehabilitation
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Natural bio-accelerator “Arbuscular 
mycorrhizal fungi” enhances mycophyt 
oremediation

• Glomus hoi increased TEs accumulation 
(Ni: 27.44 %, Cr: 21.74 %) in vetiver 
roots

• Higher Glomalin production and colo
nization depicted in presence of Glomus 
hoi

• PLS-SEM and Sobol models validates AMF 
presence enhances phytoremediation

• AMF mitigates TEs toxicity, promote 
plant growth, and improve soil health 
quality

A R T I C L E  I N F O

Editor: Paromita Chakraborty
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A B S T R A C T

Soil contamination with toxic elements (TEs) has become a serious environmental issue in recent decades. Bio- 
based approaches especially, “phytoremediation-associated with arbuscular mycorrhizal fungi (AMF)” has 
emerged as a promising, eco-friendly and sustainable technology worldwide. The present investigation assessed 
the impact of AMF on the growth and TEs accumulation abilities of vetiver (Chrysopogon zizanioides) in a soil 
containing chromite-asbestos mine wastes. Among the four different AMF species tested—Glomus hoi, Funneli
formis coronatum, Claroideoglomus claroideum, and Claroideoglomus etunicatum—Glomus hoi (M1) showed high 
efficiency in improving soil quality, mitigating TEs stress and promoting healthy plant growth. In comparison 
with control plant (devoid of AMF), the higher accumulation of TEs in the roots (Ni: 27.44 %, Cr: 21.74 %) was 
observed in presence of Glomus hoi and TEs concentration in soil was reduced in bioavailable phase. A periodic 
increase in microbial-enzymatic activity was found across all AMF inoculums, with the M1 treatment (microbial 
biomass carbon: 527.66 mg kg− 1) exhibiting highest microbial activity as compared with control. The AMF 
infection resulted in heightened antioxidant activity, which mitigated TE-induced stress in vetiver plants. 
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