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ABSTRACT

Heavy metals from mica waste not only deteriorate the soil quality but also results in the up-
take of metals in the crop. The present investigation was conducted to evaluate the effects of
different fractions of metals on the uptake in rice, soil microbial and biochemical properties
in mica waste-contaminated soils of Jharkhand, India. From each active mine, soil samples
were randomly collected at distances of < 50 m (zone 1), 50-100 m (zone 2), and >100 m
(zone 3). Sequential metal extraction was used to determine the fractions of different met-
als (nickel (Ni), cadmium (Cd), chromium (Cr) and lead (Pb)) including water-soluble (Ws) and
exchangeable metals (Ex), carbonate-bound metals (CBD), Fe/Mn oxide (OXD) bound metals,
organically bound metals (ORG), and residues (RS). The Ni, Cr, Cd and Pb in rice grain were
0.83+0.41, 0.41+0.19, 0.21+0.14 and 0.17+0.08 mg/kg respectively. From the variable impor-
tance plot of the random forest (RF) algorithm, the Ws fraction of Ni, Cr and Cd and Ex frac-
tion of Pb was the most important predictor for rice grain metal content. Further, the partial
dependence plots (PDP) give us an insight into the role of the two most important metal frac-
tions on rice grain metal content. The microbial and enzyme activity was significantly and
negatively correlated with Ws and Ex metal fractions, indicating that water-soluble and ex-
changeable fractions exert a strong inhibitory effect on the soil microbiological parameters
and enzyme activities.
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Sciences. Published by Elsevier B.V.
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Introduction

In the modern world, soil and agricultural pollution brought
on by mining operations is a significant problem (Candeias
et al.,, 2014). Mica deposits in India cover a total area of about
3888 km? in the districts of Giridih and Koderma in Jharkhand
and Munger in Bihar (Nishanth and Biswas, 2008). The major-
ity of mines in this area are still active right now, but a few
have been closed for several years. Mica wastes from these
mines (active and closed) are typically fine, loose, and homo-
geneous, have a low bulk density and moisture-holding ca-
pacity, and lower nutrients, which not only inhibit plant col-
onization but also contaminate the surrounding areas during
strong winds and heavy runoff during monsoon (Kumar and
Maiti, 2015). Around 75% of raw mica mine waste is disposed
of nearby the mines during the dressing process, and as a re-
sult, these mine wastes wash into the fields and rivers, con-
taminating land and water resources (Basak and Biswas, 2009;
Meena et al.,, 2015). Rice is the major crop in the mica mine
waste-contaminated soils in that region. In India, daily con-
sumption of milled rice is high, approximately 103 kg per
capita/per year (Mandal et al., 2021). Rice is prone to absorb
some toxic heavy metals such as cadmium (Cd), chromium
(Cr), nickel (Ni) and lead (Pb), which is a major threat to food se-
curity and human health (Zhao and Wang, 2020). Increased ac-
cumulation of Cd in rice as a result of extensive Cd contamina-
tion in paddy soils brought on by mining, smelting, and other
industrial operations has been reported by Huang et al. (2021).
Lead contamination in rice due to mining activities have been
previously reported in Zamfara state, Nigeria (Mandal et al,,
2022). Although the total metal content in the soil is an ef-
fective indicator of soil pollution, it does not provide ade-
quate information about the potential environmental impact.
Many studies have demonstrated that heavy metal uptake
by plants is positively related to the bioavailable concentra-
tion of soil heavy metals (Monterroso et al., 2014; Xiao et al,,
2017). Sequential chemical extraction methods are more pop-
ular to use quantification of different fractions of metal in
soil (Beckett, 1989). The sequential chemical extraction tech-
nique breaks down metals into different solubility and mobil-
ity forms and can be used to predict the conversion of metals
into different fractions of metals in soils and the availability of
metals in microorganisms (Bhattacharyya et al., 2005). Several
workers studied the effect of different metal fractions on soil
microorganisms and metal uptake by rice plants in mining-
affected soils (Ma et al.,, 2015; Zhang et al., 2018).

Further due to the presence of heavy metals in this mica
waste there is a decline in soil quality which ultimately
leads to the loss of biodiversity, business possibilities, and
resources. Microorganisms play a vital role in the energy-
driving process under increased stress conditions. Enhanc-
ing or maintaining soil quality is crucial for both sustain-
able agriculture practices and a healthy ecosystem. Multiple
soil microbiological parameters, such as microbial biomass
carbon (MBC), metabolic quotient (respiration/biomass ratio),
respiratory quotient (basal soil respiration/substance-induced
respiration ratio), and microbial enzyme activity quality,
are more pertinent than single parameter measurements
when determining the soil environmental quality (Doran and

Parkin, 2015). To evaluate the ecological stress level, some mi-
crobiological parameters viz. soil enzyme activity, biomass
carbon, and microbial respiration are found to be most reli-
able. Basal soil respiration (BSR) is one of the oldest and still
the most widely used parameters for measuring microbial ac-
tivity in the soil (Huang et al., 2013; Tripathy et al., 2014). The
metabolic quotient or qCO, is a sensitive indicator of the ex-
pression of heavy metal toxicity under stressed conditions.
Soil enzyme activities are widely used as biological indica-
tors for soil health (Zhou et al.,, 2014). They play a signifi-
cant role in nutrient turnover and are influenced by several
biotic and abiotic factors. 8-D glucosidase, phosphatase and
urease are a few of the key enzymes in the major biogeo-
chemical cycle i.e., C, N, P. Dehydrogenase, an oxidoreductase
group enzyme often acts as an indicator of the microbial redox
system.

To our knowledge, no information is available on the ef-
fect of mica mine waste on the distribution of metals in soil
and rice plants and their effect on microbiological and bio-
chemical indicators of soil quality. This study assesses the
relationship between metal components and their bioavail-
ability in the soil in addition to their effect on soil micro-
biological and biochemical properties in tropical soils con-
taminated by mica waste. In this study, we measured the
microbial biomass, respiration and various enzymes such as
glucosidase, urease, and phosphatase, which are related to
the cycling of carbon, nitrogen and phosphorous respectively.
This investigation will provide insight to assess how differ-
ent metal fractions in soil contaminated by mica waste nega-
tively impact the soil environment. Further, the accumulation
of heavy metals in rice grains from mica waste-contaminated
agricultural fields was also determined. We also assessed
the rice grain metal content in relation to the different frac-
tions of the metals with the help of variable importance
plots and partial dependence plots (PDP) using the random
forest (RF) machine learning algorithm. The PDPs shed light
on how certain metal fractions govern the metal uptake in
rice.

1. Materials and methods
1.1.  Study site

The Jharkhand state is the world’s largest deposit of mica
mines in India. Koderma and Giridih are two of the best mica-
producing districts in India, both of which belong to the state
of Jharkhand. Geographically Giridih (4941 km?) is bounded
by 24.18°N / 86.3°E, and is situated in the northern region
of the state. As for the climate of the Giridih, it is dry, and
the average annual rainfall is 1350 mm; the maximum and
minimum temperatures of this district are 42°C and 10°C, re-
spectively. Within the Giridih district, there are three types
of soil: Entisols, Inceptisols, and Alfisols. The percentages of
the three types of soil are respectively 63.6%, 18.4%, and 16.9%
(https://giridih.nic.in/geography/). In the Giridih district, there
are twelve blocks, and three of them - Gawan, Tisri, and Deori
- are particularly contaminated with heavy metals and waste
mica.
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1.2.  Sample collection and processing

Mica waste amendment soil and rice samples were collected
during the maturity phase of rice (Oryza sativa L.) from near
mica mines in three blocks (Deori, Gawnan, and Tisri) of
Giridih district of Jharkhand, India in September 2016 (Ap-
pendix A Fig. S1). Mica mines are located mainly in these three
blocks of the district in Giridih. Rice fields were selected near
mica mines, where surface run-off water is naturally stored
because of lower altitudes due to leaching out of mines. From
each active mine, three soil samples were randomly collected
at distances of < 50 m (zone 1), 50-100 m (zone 2), and >100 m
(zone 3). Therefore, in total 63 soil samples were collected,
21 from each zone. At each sampling site, soil and rice sam-
ples were collected from three nearby rice fields using the W-
pattern sampling method. Finally, ~1 kg soil/site was collected
following the subsampling method. Surface soil was removed
before the collection of rhizospheric soil from a depth of ~10
cm. The rice plants were collected from the field with all of
their roots remaining intact. Plant roots were separated from
the rhizosphere soil by shaking gently with hands. The sam-
ples (soil and rice) were preserved separately in sterile plas-
tic bags, labelled properly, and brought back to the soil lab-
oratory at the Indian Statistical Institute, Giridih, within the
same day and stored at 4°C before analysis. Samples were pro-
cessed within seven days of collection. In the laboratory, the
rice grains were separated from the ears, followed by dehusk-
ing, then drying to a constant weight in an oven and finally
milling the grain into powder for the purpose of determin-
ing heavy metal concentrations. In addition, each soil sample
was air-dried and then sieved through a 2 mm sieve for fur-
ther analysis. In microbiological analyses, moist soil was used,
while in physicochemical analyses, air-dried soil was used.
Chemical and microbiological characteristics were calculated
on a moisture-free basis.

1.3.  Physicochemical analysis of mica waste soils

The physicochemical analyses were carried out with (2 mm
and 0.2 mm) air-dried samples by standard protocols. The pH
was measured in 1:2.5 (m/V) soil water suspension using a cal-
ibrated electrode of Systronics Digital pH meter 335 whereas
electrical conductivity (EC) of the samples suspensions was
measured by a Conductivity Bridge; using 1:5 ratio of sample-
water suspension. Soil organic carbon was estimated by re-
acting the samples with potassium dichromate and sulphuric
acid and the excess potassium dichromate was titrated by fer-
rous ammonium sulphate (Walkley and Black, 1934). The to-
tal nitrogen content in the samples was measured by Kjeldahl
method. In brief, the soil was digested by concentrated sul-
phuric acid with a mixture of potassium sulphate and copper
sulphate. After digestion, ammonium ion content was mea-
sured by distillation of the digested material with sodium hy-
droxide in an N-auto analyzer. The cation exchange capac-
ity (CEC) of the soil was determined by extracting the soil
with the buffer BaCl, solution at pH 8.1, adjusted with tri-
ethanolamine, following the method of Bascomb (1964) and
modified by Dewis and Freitas (1984). The available phospho-
rous (P) of samples was estimated by 0.5 mol/L NaHCOs3 as sug-
gested by Olsen and Sommers (1982) and estimated through a

UV-vis spectrophotometer. Exchangeable Na, Ca and Mg con-
centrations in the samples were determined from the neutral
1 mol/L ammonium acetate extracts (1:5, m/V) and measured
by a flame Photometer (Knudsen et al., 1983). Available Ni, Cr,
Cd and Pb concentrations in the samples were determined
from the DTPA extracts and measured by atomic absorption
spectrophotometer (Lindsay and Norvell, 1978).

1.4.  Sequential extraction of heavy metals

Metals (Cr, Ni, Pb and Cd) were sequentially extracted from
soil following the method of (Tessier et al., 1979). For water-
soluble fractions, 1.0 g of air-dried soil samples were extracted
sequentially with 50 mL deionized water, shaking (120 r/min)
for 30 min at room temperature; 0.5 mol/L Mg(NOs), in 50
mL with shaking (120 r/min) for 30 min at room temperature
for exchangeable fraction; with 1 mol/L NaOAc, shaking (120
r/min) for 5 hr at room temperature for bound to carbonate
fraction; with 0.08 mol/L NH,OH HCI, shaking (120 r/min) for
6 hr at 96°C temperature for bound to Fe and Mn - oxide phase
metal; for organic matter fraction 1 g soil samples with 0.02
mol/L HNO3; and H,0, shaking (120 r/min) for 2 and 3 hr at
85°C temperature and sulphides phase fraction, with 3.2 mol/L
NH,4O0Ac shaking (120 r/min) for 30 min at room temperature,
and finally digestion with concentred HNO; at 105°C for min-
eral matrix fraction (Page et al., 1982). The metal concentra-
tions in the extracts were measured by an atomic absorption
spectrometer (AAS - 816, Systronics, India).

For calibration, standard solutions of the respective metals
were prepared from stock solutions (1000 mg/L, Merck grade)
in 1% (V/V) HNOs. Certified reference material SRM 2710 and
blank extract were used for quality assurance. The reference
material was then digested in ultrapure HF/HNO3/HClO4/H,0,
to confirm the accuracy of the metals analytical method. The
results were compared with certified SRMs. The results indi-
cate that the analytical method was accurate for all metals.

1.5. Estimation of total metals from rice grain

The total metal concentration of Cr, Ni, Pb and Cd in rice grains
was determined in a sample of 1 g rice digested in a 4:1 (V/V)
di-acid mixture (HNO3:HCIO4) in a beaker placed on an elec-
tric heating plate at 190 °C for 1 hr until the solution turned
white (Li et al., 2018). We estimated the metal concentration in
these digests to be similar to what we described in the previ-
ous section (Section 1.4). Quality assurance and quality control
(QA/QC) study of metal content in rice samples was conducted
by determining the metal content of blank and duplicate sam-
ples along with certified reference materials (SRM-2710).

1.6.  Microbiological analysis

Microbial biomass carbon (MBC) was determined by fumiga-
tion extraction followed by KCl extractable carbon determina-
tion, and the difference between fumigate soil and unfumi-
gated soil was divided by the calibration factor (Kgc= 0.38).
MBC per gram of dry sample was calculated; where Kgc¢ is
the difference between KCl extractable carbon content of the
fumigated and unfumigated soils Joergensen et al., 2011). In
order to quantify soil respiration, CO, was measured when
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the soil was incubated with glucose in a closed system and
trapped in NaOH solution, then titrated with HCl (Alef and
Nannipieri, 1995). Urease enzyme activity in soils was assayed
by the buffer methods (Tabatabai, 1994). The method involved
the determination of ammonia (NHj3) released by urease ac-
tivities when the soil was incubated with Tris (hydroxymethyl)
aminomethane (THAM) buffer at optimal pH (pH 9.0) with and
without toluene and 0.2 mol/L urea solution at 37°C for 2 hr.
The activity of acid phosphatase (APS) and 8-D-glucosidase
(BetaD) enzymes was determined using the method described
by the method (Tabatabai, 1994), following incubation of moist
soil with p-nitrophenyl phosphate (PNP) and p-nitrophenyl
glucopyranoside in the buffer for 1 hr at 37°C. The product p-
nitrophenol (PNP) was determined calorimetrically at 420 nm.
Estimation of fluorescein diacetate hydrolysis activity (FDA) in
soils the methods described by Schniirer and Rosswall (1982).
The release of fluorescein when 1 g of moist soil was incu-
bated with sodium phosphate buffer (pH 7.6) and fluorescein
diacetate solution at 25°C for 3 hr. The dehydrogenase enzyme
activity of the moist sample was measured as described by
the method of Casida (1964). The determination of deydroge-
nase (DHG) was based on the estimation of the triphenyl tetra-
zolium chloride (TTC) reduction rate to triphenyl formazan
(TPF) in soils after incubation at 37°C for 24 hr. The microbial
metabolic quotient and respiratory quotient were calculated
using values of microbial biomass carbon, basal soil respira-
tion, and substrate-induced respiration using Egs. (1) and ((2)
(Alef and Nannipieri, 1995; Chakraborty et al., 2022).

qC0; = (Rp_co,)/C ]

dr = Rp/Rs 2

where, qCO; is the microbial metabolic quotient, Ry, ¢o, is the
CO,-cc from basal respiration, C is the microbial biomass car-
bon, gr is the respiratory quotient, Ry, is the basal respiration,
Rs is the substrate induced respiration.

1.7. Statistical analysis

The statistical analysis was done using R-Studio (Version
1.3.1093 2.3.1). The violin plots were prepared using the ‘gg-
pubr’ (version 0.40) package. The correlation plots were made
using the ‘correlation’ (version 0.8.0), ‘corrplot’ (version 0.84)
and ‘psych’ (version 2.0.12). Principal component analysis (PCA)
was performed using the ‘princomp’ (version 4.0.3) and ‘factoex-
tra’ (version 1.0.7). The linear correlation between the two vari-
ables was assessed through a Spearman correlation analysis.
The random forest models were developed considering metal
content in rice grain as the dependent variable and the soil
fractions of Ni, Cr, Cd and Pb as the predictor variable for each
metal. Random forest is a supervised machine learning algo-
rithm for classification and regression that is based on the re-
cursive partitioning principle (Breiman, 2001) and is indepen-
dent of the assumption of functional relationships between
the response and predictor variables. Random Forest analysis,
in a nutshell, ensembles multiple regression trees by a tech-
nique known as "bootstrap aggregation" or "bagging." To pro-
vide an average prediction for the response variable, a random
subset of the data space is taken (with replacement) to grow

a tree to its full length, and each node of the tree group’s ob-
servations is described by particular requirements on the pre-
dictor variables. Two-thirds of the bootstrapped data is used
in each tree-growing process, and one-third of the observa-
tions (out-of-bag data, OOB) is used to estimate prediction
errors. Second, each node split in a tree takes into account
a random subset of predictor variables, which is usually the
square root of the entire number of predictor variables. To
produce final projections, the forecasts from all of the trees
are summed. The Random Forest algorithm’s variable signifi-
cance function ranks predictor variables based on the increase
in model error by randomly permuting the predictor variables
values. (James et al., 2013; Sengupta et al., 2021). The difference
in Mean Squared Error (MSE) before and after random permu-
tation of a predictor variable is averaged over all trees to com-
pute variable importance. The models were developed using
the ‘randomForest’ (version 4.6-14) package with ntree=500 and
mtry=2. For the variable importance plot, ‘vip’ (version 0.3.2)
package was used. The partial dependence plot from the ran-
dom forest was prepared using the ‘pdp’ (version 0.7.0) pack-
age.

2. Results and discussion
2.1. Chemical and Biological properties of the study site

Table 1 represents the chemical and biological properties of
the soils of the study sites (Zones 1, 2 and 3). The pH and EC
of the soil ranged from 4.78 to 8.30 and 1.60 to 27.00 mSm/cm
with a mean of 6.01 and 5.01 mSm/cm respectively across all
the zones of sampling. The mean total organic carbon (TOC)
content of the soil was 0.61 with a range of 0.22%-1.08%. The
cation exchange capacity (CEC) of the soil ranged from 2.98 to
16.10 meq/100 g with a mean value of 7.84. The mean micro-
bial biomass carbon (MBC) was 99.14 mg/kg and ranged from
23.79 to 396.82 mg/kg. The mean FDA, DHG, APS, Urease and
BetaD were 63.55 ug fluorescein/g soil/hr, 16.15 ug TPF g/hr,
419.86 ug p-nitrophenol/(g soil-hr), 26.66 ng urea hydrolysed/(g
soil-hr) and 30.99 ug p-nitrophenol/(g soil-hr) respectively. The
available and total N of the soil was 127.76 mg/kg and 0.24%
and ranged from 50.96 to 221.20 mg/kg and 0.03% to 0.77%
respectively. The mean exchangeable P, Ca, Mg and Na were
1.04, 2921.30, 307.82 and 19.63 mg/kg respectively. The mean
DTPA extractable Ni, Cr, Cd and Pb were 3.27,3.96,0.05 and 1.31
mg/kg respectively and ranged from 0.83 to 5.67, 1.30 to 5.50,
0.007 to 0.148 and 0.19 to 6.47 mg/kg respectively. The mean
rice grain content of Ni, Cr, Cd and Pb were 0.83,0.41,0.21,0.17
mg/kg respectively.

2.2. Nickel, chromium, cadmium and lead content in rice
grain

The violin plots in Fig. 1 represent the heavy metal content in
the rice grain across the different sampling zones. The non-
parametric Kruskal-Wallis test revealed that a significant dif-
ference (p < 0.05) in rice grain metal content was observed
across the different zones. The abundance of heavy metals
in rice grain followed the trend of zone 1 > zone 2 > zone 3.
The mean Ni content in zone 1 was 1.25 mg/kg followed by
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Table 1 - Descriptive statistics of the soil parameters and heavy metal content in rice grain (n=63).

Parameter Mean Range (Min-Max) Median *Q3-Q1

pH 6.0 4.7-8.3 5.8 6.4-5.3

EC (mSm/cm) 5.0 1.6-27.0 4.1 5.7-3.0
TOG (%) 0.6 0.2-1.0 0.61 0.73-0.49
CEC (meq/100 g) 7.8 2.9-16.1 7.6 9.4-6.0
MBC (mg/kg) 99.1 23.7-396.8 88.6 120.4-60.9
FDA (ng fluorescein/(g soil-hr)) 63.5 15.1-171.7 60.1 80.6-41.3
DHG (ug TPF/(g-hr)) 16.1 3.1-45.8 14.9 21.5-9.2
APS (g p-nitrophenol/g soil-hr) 419.8 44.7-1462.2 351.9 552.4-221.7
Urease (ug urea/-g soil/hr) 26.6 3.3-89.4 23.6 32.0-16.8
BetaD (ug p-nitrophenol/g soil-hr) 30.9 16.0-61.2 29.6 39.5-20.2
BSR (g CO, released/g soil-hr) 14.3 9.5-21.6 14.3 15.2-13.3
SIR(1.g CO, released/g soil-hr) 81.8 39.2-118.7 88.2 101.2-56.6
qCO, 0.05 0.009-0.136 0.045 0.06-0.03
QR 0.19 0.08-0.38 0.16 0.22-0.14
Available N (mg/kg) 127.7 50.9-221.2 127.6 144.9-108.3
Total N (%) 0.2 0.03-0.7 0.1 0.2-0.1
Exchangeable P (mg/kg) 1.0 0.1-5.2 04 1.0-0.3
Exchangeable Ca (mg/kg) 2921.3 796.9-6076.6 2415.7 4457.8-1606.3
Exchangeable Mg (mg/kg) 307.8 68.7-893.7 268.7 402.5-181.8
Exchangeable Na (mg/kg) 19.6 1.84-213.8 5.5 18.9-3.6
Available Ni (mg/kg) 3.2 0.8-5.6 3.1 3.6-2.8
Available Cr (mg/kg) 3.9 1.3-5.5 4.3 49-31
Available Cd (mg/kg) 0.05 0.007-0.148 0.04 0.07-0.03
Available Pb (mg/kg) 1.31 0.19-6.47 1.23 1.78-0.96
Rice Ni (mg/kg) 0.83+0.41 0.05-2.00 0.80 1.10-0.52
Rice Cr (mg/kg) 0.414+0.19 0.06-0.95 0.40 0.55-0.25
Rice Cd (mg/kg) 0.21+0.14 0.05-0.60 0.20 0.27-0.10
Rice Pb (mg/kg) 0.17+0.08 0.05-0.40 0.15 0.20-0.10

*Qs3-Q1: Represents the inter quantile range, between 3™ Quantile (Q3) and 1t Quantile (Q1).

EC: electrical conductivity; TOC: total organic carbon; CEC: cation exchange capacity; MBC: microbial biomass carbon; FDA: Fluorescein diacetate
hydrolyzing activity; DHG: dehydrogenase; APS: acid Phosphatase; BetaD: beta-D glucosidase; BSR: basal soil respiration; SIR: substrate induced
respiration; qCO,: metabolic quotient; QR: soil microbial respiration quotient.

0.72 mg/kg in zone 2 and a minimum of 0.51 mg/kg in zone
3. The Cr content was maximum in zone 1 (0.57 mg/kg) fol-
lowed by zone 2 (0.39 mg/kg) and minimum at zone 3 (0.28
mg/kg). The highest Cd content was 0.32 mg/kg at zone 1 fol-
lowed by 0.19 mg/kg (zone 2) and 0.12 mg/kg (zone 3). Zone 1
had the maximum Pb content of 0.24 mg/kg followed by 0.17
mg/kg and 0.10 mg/kg at zones 2 and 3 respectively. However
irrespective of the zones of sampling the rice grain Cd con-
tent was less than the maximum tolerable concentration of
0.4 mg/kg as per the codex recommendation JEFCA (2017). The
Pb content in rice grain in zone 1 was higher than the codex
recommended value of 0.2 mg/kg. In zones 2 and 3 the Pb
content in rice was less than the codex-recommended max-
imum tolerable concentration. The concentrations of water-
soluble and exchangeable metal fractions were positively cor-
related with the total metal content of rice grain; Ws-Ni
(r = 0.57**) and Ex-Ni (r = 0.41**), Ws-Cr (r = 0.45**) and Ex-
Cr (r = 0.39**), Ws-Cd (r = 0.49**) and Ex-Cd (r = 0.24), Ws-Pb
(r = 0.26**) and Ex-Pb (r = 0.50**), respectively. In DTPA ex-
tractable fractions of metals Ni (r = 0.56**), Cd (r=0.28**) and
Pb (r = 0.55**) were found highly positive correlated with rice
grain compared to other metals (Appendix A Fig. S2). These
findings are well corroborated with the previous findings by
Zhou et al. (2014).

2.3. Importance of the fractions of Ni, Cr, Cd and Pb

The variable importance plot from the random forest models
for each metal can be observed in (Fig. 2). The %IncMSE shows
how much the model accuracy decreases if we leave out that
variable. The IncNodePurity is the measure of how pure the
nodes are at the end of the tree without each variable. More
useful variables achieve higher increases in node purities, that
is to find a split which has a high inter-node variance and
a small intra-node variance. For Ni it was observed that the
water-soluble (WSNi) and the exchangeable (ExNi) were the
two most important variables. For Cr it was a water-soluble
fraction followed by the carbonate-bound Cr (CBDCr) and ex-
changeable Cr. In the case of Cd the water-soluble fraction
(WSCd) contributed the most followed by oxidisable Cd (OXD
Cd), exchangeable Cd (EXCd) and residual Cd (RSCd). The ex-
changeable fraction of Pb (EXPb) and carbonate-bound Pb (CB-
DPb) were the only important fraction governing the uptake
of Pb in rice grain. Variable Importance plot shows how worst
the model performs without each variable. In our study for Ni
(WSNi and EXNi), for Cr (WSCr, CBDCr and EXCr), for Cd (WSCd,
OXDCd, EXCd and RSCd) and for Pb (EXPb and CBDPb) are the
important variables in absence of which the model will have
the worst performance irrespective of the zones. A compari-
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Fig. 1 - Violin plots representing the comparison among the 3 zones in terms of heavy metal (Ni, Cr, Cd and Pb) content in

rice grain.

son of the metal fractions with respect to the zone of sampling
can be observed in (Appendix A Fig. S3a and b). All metal frac-
tions varied significantly (p < 0.05) higher in between the mica
waste-contaminated soils of zone 1 as compared to zones 2
and 3. Significant variations existed in the metal concentra-
tions among the mica-amended contaminated soil due to the
diversity in the waste materials dumped at the mine sites over
the years. Throughout soils, metals can be found in a variety of
different fractions, including those that are easily leached and
those that are reacting, as a result of interactions with diverse
soil components.

Fig. 3 depicts the three dimension (3D) partial dependence
plot of the variation of rice grain metal content for each metal
with the two most important variables derived from the vari-
able importance plots of random forest models. It can be ob-
served that The ExNi and the WSNi both have significant
contributions to grain Ni content. The grain Ni content in-

creased when the ExNi was more than 30 mg/kg and the WSNi
crossed 4 mg/kg. For Cr the CBDCr of above 70 mg/kg and
WSCr above 10 mg/kg resulted in the highest uptake of Cr in
rice grain. The WSCd above 0.4 mg/kg and OXDCd above 0.1
mg/kg resulted in significant uptake of Cd in rice grain. The
EXPD fraction above 25 mg/kg and the CBDPb above 2 mg/kg
resulted in the maximum uptake of Pb in rice grain. The par-
tial dependence plot shows the marginal effect one or two fea-
tures have on the predicted outcome of a machine learning
model. The partial dependence plot depicts the marginal im-
pact of one or two features on a machine learning model’s
predicted outcome (Friedman, 2001). A partial dependence
plot can be used to determine whether the relationship be-
tween the target and a feature is linear, monotonic, or com-
plex. PDPs show the link between a subset of variables (usu-
ally 1-3) and the response while accounting for the average ef-
fect of the other predictors in the model. Partial dependence
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Gini).

reveals the relationship between the variables in a model
we’re interested in and the expected outcome by marginal-
ising the model output over the distribution of the predictor
variables.

Principal component analysis (PCA) revealed that the first
two dimensions (Dim-1, Dim-2) of PCA conserved 79.9% of to-
tal variation (Appendix A Fig. S4). Dim-1 and Dim-2 possess
eigenvalues of 3.37 and 1.42 explaining 61.4% and 18.5% of the
total explained variance respectively (Appendix A Fig. S4a).
PCA biplot revealed the highest positive coordinate of the to-
tal, carbonate bound, exchangeable and oxide bound fractions
with a contribution of 23.07%, 22.82%, 21.06% and 16.68% re-
spectively to Dim-1. This result shows that most of the heavy
metals were in carbonate-bound form following exchange-
able, oxide bound and other fractions. The lowest contribu-
tion of the water-soluble form to Dim-1 indicated the lowest
abundance of this fraction. The PCA in Appendix A Fig. S4b
represents the different fractions of the metals along with the
soil’s biological properties. The first two dimensions explained
55.5% variation in the data (Dim-1: 45.8% and Dim-2: 9.7%). It
was observed that WS-Pb, Ni and Cr and EX-Cr were found to
be in positive coordination in Dim-1. Other fractions of metals
were found in negative coordinates with respect to both Dim-
1 and Dim-2. All the biological parameters were also found in
negative coordinates with respect to both Dim-1 and Dim-2. It
also implies a negative correlation between them. The abun-
dance of both fractions of heavy metals decreases with an
increase in distance from mica mines, while a reverse trend
was observed in the case of microbial parameters. The metal
concentration in the soil does not provide a reliable indica-
tor for predicting the effects of metals on soil microorganisms

and their enzyme activity (Bhattacharyya et al., 2008; Xu et al.,
2019). The controlling metal fractions were those bound to car-
bonate. Using PCA is also a good way of ensuring that as much
variation in the data is covered as possible (Mondal et al., 2017;
Mandal et al., 2022).

2.4.  Soil chemical and biological properties across 3 zones

The non-parametric Kruskal-Wallis test as can be observed
from the violin plots (showing the distribution of the data) in
Appendix A Fig. S5 revealed that all the chemical properties
of soil, pH, EC, TOC, CEC, total and available N, exchangeable
P, Ca, Mg and Na were statistically non-significant (p > 0.05)
in terms of zones of sampling from the source of contami-
nation. The tested soils were found natural to slightly acidic
in nature zones 3 and 2 based on pH values. The range of
pH values between the three zones were (6.32 to 8.3), (5.5 to
6.31), and (4.78 to 5.44) for zones 1, 2, and 3 respectively. The
lowest pH value was found in zone 3 due to the production
of organic acids by potassium solubilizing bacteria (KSB); it
has previously been reported that KSB bacteria can change
soil pH by producing organic acids (acidolysis) (Meena et al,,
2015; Saha et al., 2016). The results of these studies are found
to be similar, to the earlier findings (Ciarkowska et al., 2017).
PpH and CEC values were found to vary significantly (P < 0.05)
across all three sample sites (zones 1, 2, and 3) (Appendix A Fig.
S5). There was a lower CEC capacity in zone 3 (mean = 4.86
cmol*t/kg) as compared to zones 1 (mean = 10.51 cmol*/kg)
and 2 and (mean = 7.66 cmol*/kg) respectively, which may
be the result of a lack of inorganic colloids and low organic
carbon in this mica contaminated soil (Shyamsundar et al,,
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2014; Chen et al., 2021). The concentration of organic carbon
was significantly (p < 0.05) higher in zone 3 (mean = 0.81%) as
compared to zone 2 (mean = 0.62) and zone 1 (mean = 0.40)
respectively. In available N, zone 3 (mean = 163.00 mg/kg)
was found significantly (p < 0.05) higher concentration of N
as compared to zone 2 (mean = 127.79 mg/kg) and zone 1
(mean = 92.47 mg/kg) respectively. The higher organic carbon
content of zone 3 (>100 m) soil than zone 2 (50-100 m) and
zone 1 (<50 m) was due to the presence of a high amount
of organic materials present in rice agricultural fields. It was
previously reported that there was a higher concentration of
organic carbon present in soils containing a greater amount
of organic matter (Tripathy et al., 2014). The low level of ni-
trogen available in the samples is related to the low organic
matter contribution (due to the samples’ acidity, resulting in
a low positive charge). These studies found similar results
to earlier ones (Park et al,, 2011; Shyamsundar et al., 2014).
The available P was higher in sample zone 3 (mean = 5.95
mg/kg) compared to zone 1 (mean = 4.68 mg/kg) and

zone 1 (mean = 3.79 mg/kg) respectively (Appendix A Fig.
S5). Phosphorus availability is influenced by organic mat-
ter, and when organic matter is present, phosphorus avail-
ability increases. In addition, organic molecules will com-
pete with phosphate adsorbing on soil surfaces, thereby re-
ducing phosphorus retention, thereby increasing phosphorus
availability.

2.5. Soil microbial biomass carbon and metabolic quotient
Microbial biomass is an integral part of soil organic mat-
ter and a labile pool for plant nutrients (Tang et al., 2019;
Bhattacharyya et al., 2008). Therefore, the suppression of the
soil microbial biomass could often lead to a decrease in
the rate of nutrient recycling and the volume of the labile
nutrient pool. The MBC value in the mica waste soils was
markedly higher in zone 3 (mean = 140.80 mg/kg) than in zone
2 (mean = 91.64 mg/kg) and zone 1 (mean = 64.95 mg/kg)
and varied significantly (p < 0.05) at each of the three sites
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(Appendix A Fig. S6). In nearby mines side soils (zone 1),
the concentration of MBC was lower due to a low organic
matter content. The ranged of MBC was zone 3 (74.83 to
396.81 mg/kg) medium zone (53.24 to 195.20 mg/kg), and lower
in zone 1 (23.78 to 142.17 mg/kg) respectively. According to
Tripathy et al. (2014), the presence of higher organic matter
in soil is correlated with higher MBC. The variation in MBC in
the landfill soils is related to the interplay of physicochemical
properties as well as bioavailable metals in these soils.

The microbial activity in mica waste amended soils was
assessed using three parameters, like basal respiration (BR),
and FDA hydrolyzing activities. qCO,, or microbial metabolic
quotient, is an indicator of microbial response to disturbance,
based on the ratio of basal respiration to microbial biomass
(Dinesh and Chaudhuri, 2013; Tripathy et al., 2014). qCO,
measures the efficiency of the soil MBC in utilizing C re-
sources, with qCO, value higher for zone 1 (mean = 0.07)
than zone 2 (mean = 0.17) and zone 3 (mean = 0.03) respec-
tively (Appendix A Fig. S6). Increasing qCO, showed a shift-
ing of energy by microbial biomass from growth to mainte-
nance, pointing to metal-induced stress on the soil as a con-
sequence of microorganisms spending more energy to survive
in mica waste-contaminated soils, resulting in faster respira-
tion and less efficient incorporation of the fresh substrate into
new microbial biomass (Zhang et al., 2010; Xiao et al., 2017).
Chander et al. (2001) stated that metals disturb the biological
division of energy between growth and maintenance in soil
microorganisms, which then require greater quantities of C for
maintenance, reducing the amount of C incorporated into the
biomass. In addition, the high qCO, value indicates that mi-
crobial respiration occurred faster than their biomass growth,
which indicates that most of the biomass energy was used for
survival rather than growth (Chakraborty et al., 2022). These
results clearly indicate that zone 3 (agricultural field) was the
more favourable site for microbial proliferation compared to
zones 1 and 2.

2.6.  Soil microbial respiration quotient (QR)

A microbial respiration quotient is a ratio of basal soil respira-
tion (BSR) to substrate-induced respiration (SIR), which indi-
cates how microbial communities respond to environmental
perturbations. BSR is metabolically inherent, whereas SIR per-
tains to metabolically active populations (Tripathy et al., 2014;
Amoakwah et al., 2022). BSR and SIR are dependent on two
groups of microorganisms in soil: the K-strategists, which are
autochthonous microbial populations, and the R-strategists,
which are zymogenous microorganisms (Dilly, 2005). It was
found that the QR value in zone 1 soil (mean = 0.26) was
considerably higher than in zone 2 (mean = 0.16), and zone
3 (mean = 0.15) (Appendix A Fig. S6). It reflects that dor-
mant populations of metabolically active organisms are sup-
pressed. Hence, the suppressive effects of soil acidity seem
specific to metabolically active zymogenous populations, in-
dicating that biomass synthesis is less efficient under heavy
metal loadings in tailings, and the reduction of biomass in
heavy metal-contaminated soils is mainly due to inefficient
biomass synthesis. Higher concentrations of QR suggest a
shift from energy-based enhancement to ecosystem mainte-
nance (Grodnitskaya et al., 2022). An extended QR ratio also in-

dicates a shift from an increase in energy to the maintenance
of the ecosystem (Brookes, 1995; Bhattacharyya et al., 2008).

2.7.  Fluorescein diacetate hydrolyzing activity (FDA)

Among three sample zones, FDA value was found significantly
(p < 0.05) higher in zone 3 (mean = 89.53) as compared to zone
2 (mean = 59.69) and zone 1 (mean = 41.42) respectively (Ap-
pendix A Fig. S6). FDA concentrations in zone 1 were lower
due to heavy metal contamination in mica tailing soils, de-
creased uptake by active microbes, and a reduction in mi-
crobial biomass carbon availability under heavy metal stress,
and inefficient biosynthesis contributes to the reduction of
biomass in heavy metal contaminated soils (Atakpa et al,
2022; de Aguiar Santiago et al., 2022). FDA activity has long
been regarded as a potential biological indicator to deter-
mine soil microbial activity. It is a non-fluorescent, non-polar
derivative that is easily transported to the cell, where it has
been hydrolysed into polar fluorescein by several enzymes viz.
lipase, esterase, protease, that are involved in organic matter
decomposition (Tripathy et al., 2014; Nannipieri et al., 2003).
Active cells are capable of converting the FDA into fluorescein.
When the cells are unable to hold the fluorescein, it eventu-
ally gets out of the cell and is measured spectrophotometri-
cally (Dzionek et al., 2018). The finding results indicated that
the presence of higher concentrations of heavy metals may
be inhibited the production of the enzymes in the mine’s side
soils (zone 1).

2.8.  Soil enzyme activities

The assay of enzyme activities is important for estimating the
effects of metal pollution on the soil environment (Dick, 1997).
Soil enzyme activity is a sensitive indicator of the effect of en-
vironmental factors on microbial functions. Dehydrogenase,
urease, phosphatase, and beta-D glucosidase activities of the
mica waste-contaminated soils varied significantly (p < 0.05)
between all three sample zones (zones 1, 2, and 3) (Appendix
A Fig. S6). The values of DHG, urease, phosphatase, and beta-
D glucosidase activities were higher in zone 3 (mean = 23.01,
678.38, 38.51, and 44.57 mg/kg, respectively) as compared to
zone 2 (mean = 15.24, 341.34, 25.24, and 29.46 mg/kg, respec-
tively) and zone 3 (mean = 10.19, 239.88, 16.22, and 18.94
mg/kg, respectively). Soils of zone 3 (>100 m) have higher en-
zyme activity levels, due to presence of organic matter. The
enzyme activity levels were also stabilized by the enzyme-
organic matter complex (Tripathy et al., 2014; Dick, 1997). Inhi-
bition of DHG activity might be due to the reduced microbial
biomass and the activity in the soils because the activity is
derived from intracellular enzymes (Dick, 1997). The microbial
enzyme activities in soil are used to estimate the adverse ef-
fects of pollutants on soil quality (Warman and Munroe, 2010;
Niemeyer et al., 2012; Tripathy et al., 2014). Microbes are the
chief controlling agent of enzymatic regulations; thus, they
have the potential to respond to any environmental changes
and provide detailed information on enzyme catalytic reac-
tions associated with the biological process. They indicate soil
health quality (Dick, 1997; Taylor et al., 2002).
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Fig. 4 - Interactions between metal bioavailability and microbial activity are based on spearman correlation (p<0.05).

2.9. Metal removal interactions and microbial attributes:
a correlation-based analysis

The heat plot (Fig. 4) represents the interaction (spearman cor-
relation) of the different fractions of metals (Ni, Cd, Cr and Pb)
with the soil’s biological properties. The soil biological prop-
erties APS, MBC, FDA, BetaD, urease and DHG were positively
correlated with each other at (p < 0.05). All the bioavailable
fractions of Ni, Cr, Cd and Pb were negatively correlated with
the soil biological properties at p < 0.05. On the other hand,
a significant positive correlation was observed between the
different fractions of metals (Ni, Cd, Cr and Pb). However, it
is difficult to determine whether cadmium, chromium, lead
and nickel strongly affected the soil microbial properties in-
dividually because there were highly positive correlations (p
< 0.05) among all the metals studied and the changes in the
concentration of the metals in the field were similar to each
other (Fig. 4). It is suggested that the metals affected microbial
properties by behaving synergistically or additively with each
other (Tripathy et al., 2014). The water-soluble and exchange-
able metal fractions are usually the most toxic than other
fractions because they can be easily released into the water
as metal ions. That can easily and direct affect soil microbes
(Ghosh et al., 2004; Bhattacharyya et al., 2005). Metal ions such
as Cr, Cd, Ni and Pb are thought to react with sulfhydryl groups
to inactive enzymes, a reaction similar to the formation of

metallic sulfide. In enzymes, the sulfhydryl group acts as an
integral part of the catalyst activating site or as an involved
group to maintain the proper structural relationship of the en-
zyme protein (Juma and Tabatabai, 1977; Kamaludeen et al,,
2003). Metal can also reduce microbial enzyme activity by in-
teracting with enzyme-substrate complexes, using denatur-
ing the enzyme proteins, or interacting with protein-active
groups (Dick, 1997; Tripathy et al., 2014). Thus, we expect that
the higher the level of water-soluble and exchangeable metals,
the lower activity of soil microorganisms.

3. Conclusions

Ni, Cd, Cr and Pb content in rice grain was highest in zone 1
followed by zones 2 and 3. Chromium, Ni, and Pb were found to
be the most abundant heavy metals in the mica-contaminated
paddy soil samples. From the fractionation study followed by
modelling with RF it was observed from variable importance
plots that the water-soluble and exchangeable fractions of all
four metals are particularly responsible for rice grain metal
uptake. According to the results, metal contamination is most
critical in zone 1 soils since it contains significantly more
bioavailable metals compared to zone 2 and zone 3. The re-
sults indicate that the water-soluble and exchangeable metal
fractions inhibit the biological properties of soil, despite occu-
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pying only a small portion of the total metal concentration in
the soil. The MBC, QR and FDA were observed to be highest in
zone 3 followed by zone 2 and least in zone 1. A similar trend
was observed in terms of soil enzymatic activities for DHG,
urease, phosphatase, and beta-D glucosidase. It can be con-
cluded that unplanned and inadvertently dumped mica mine
wastes will contaminate the food chain and affect the soil
quality and ecological systems of the region in the long run
hence appropriate control measures should be undertaken.
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