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Abstract

Leafy plants are commonly consumed as vegetables in India due to their high nutrient and vitamin content. This study,
conducted in Ambagarh Chowki (India), investigated the accumulation potential of 52 elements (including Al, As, Ba, Be,
Bi, Ca, Cd, Ce, Co, Cr, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Ho, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Pr, Rb, Sb,
Sc, Se, Sm, Sn, Sr, Tb, Te, Th, Ti, Tl, Tm, U, V, W, Y, Yb, and Zn) in seven leafy vegetable species, namely Amaranthus
tricolor L., Corchorus olitorius L., Cordia myxa L., Hibiscus sabdariffa L., Ipomoea batatas (L.) Lam., Moringa oleifera
Lam., and Spinacia oleracea L. Technique: Inductively coupled plasma mass spectrometry (ICP-MS) was employed for
analysis. The maximum concentrations of elements such as Al, Ba, Be, Bi, Cd, Co, Cr, Fe, Ga, Ge, Li, Mn, Ni, Pb, Sb, Th,
Tl, U, V, W, and REEs were observed in S. oleracea leaves, indicating their highest accumulation potential. In contrast, the
maximum concentrations of As were found in H. sabdariffa leaves; Ca and Si in M. oleifera leaves; Mg, Sr, and Mo in A.
tricolor leaves; and P, K, Cu, and Zn in C. myxa leaves, respectively. Twenty-one elements (Cr, Cd, Pb, Ni, Co, V, Cu, Zn,
Fe, Mn, Th, Sb, Ba, Be, Li, Sr, T1, U, Se, Sn, and REEs) exceeded permissible limits set by the WHO. The elevated hazard
index values indicated significant non-carcinogenic effects. The sources of these elements could be attributed to a combina-
tion of geological factors and agricultural practices. This study highlights the need for further investigation into the potential
health implications of consuming these vegetables in the aforementioned region.
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Introduction

Pedologically, arsenic and other heavy metals in the soil
of Ambagarh Chowki demonstrate an affinity for ferrugi-
nous material derived from granite [1-3]. Hence, analyti-
cal studies of fifty-two trace elements (i.e., Al, As, Ba, Be,
Bi, Ca, Cd, Ce, Co, Cr, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge,
Ho, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Pr,
Rb, Sb, Sc, Se, Sm, Sn, Sr, Tb, Te, Th, Ti, T1, Tm, U, V, W,
Y, Yb, and Zn) in the field soils of this region was chosen.

These elements are classified into three categories: ben-
eficial (P, Na, K, Mg, Ca, Co, Fe, Se, Mo, Mn, Zn and
REE?s), non-beneficial (Al, Ba, Ga, Ge, Nb, Sn, Sc,Te, Ti,
Sc, Rb and Tb), and harmful elements (As, Be, Bi, Li, V,
Cr, Ni, Cu, Pb, Sb, T1, Th and U) [4]. Trace elements are
highly accumulated with leafy vegetables from the con-
taminated soils [5].

Green leafy vegetables from diverse families like Ama-
ranthaceae and Brassicaceae are widely consumed glob-
ally. These plants possess significant nutritional value due
to their abundance of minerals, antioxidants, and vitamins.
Research by Morris et al. [6] emphasizes their contribution
to improved cognitive function and reduced risk of chronic
diseases. Additionally, they are a rich source of essential
minerals like phosphorus, potassium, calcium and iron,
offering substantial health benefits [7, 8].

However, a growing concern exists regarding the poten-
tial accumulation of heavy metals, toxic elements, and
rare earth elements within these vegetables, potentially
negating their health advantages [9-18]. Studies suggest a
higher tendency for leafy vegetables to accumulate heavy
metals compared to other types of vegetables [19, 20]. The
potential health risks associated with these pollutants have
been explored in various studies [21, 22].

Previous research in Ambagarh Chowki district (Chhat-
tisgarh, India) indicates elevated levels of elements like
arsenic and lead in the soil due to natural and anthropo-
genic factors [1-3]. Consequently, investigating the ele-
mental composition of vegetables grown in this region is
crucial to understanding potential health impacts and guid-
ing agricultural and environmental regulations.

This study analyzed the multi-element composition
of seven commonly consumed leafy vegetables from the
Ambagarh Chouki district: Amaranthus tricolor L. (edible
amaranth), Corchorus olitorius L. (jute mallow), Cordia
myxa L. (Assyrian plum), Hibiscus sabdariffa L. (roselle),
Ipomoea batatas (L.) Lam. (sweet potato), Moringa oleif-
era Lam. (moringa), and Spinacia oleracea L. (spinach).

Among these vegetables, amaranth, a short-lived per-
ennial wild plant, offers a rich source of fiber, miner-
als, and protein, and possesses anti-inflammatory prop-
erties [23]. Jute mallow is recognized for its analgesic,
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anti-inflammatory, antioxidant, and potential anti-cancer
properties [24]. Leaves of the Assyrian plum are tradi-
tionally used for treating various ailments [25]. Roselle
is rich in beneficial compounds such as polyphenols,
anthocyanins, polysaccharides, and organic acids, with
diverse therapeutic applications [26]. Sweet potato is
considered a functional food with anti-inflammatory and
immune-boosting properties [27]. Moringa is valued for
its immune-supporting properties due to its richness in
essential minerals and vitamins [28]. Finally, spinach is
renowned for its exceptional vitamin and nutrient content
[29].

The investigation aimed to elucidate the origin and trans-
fer mechanisms of elements (i.e., Al, As, Ba, Be, Bi, Ca, Cd,
Ce, Co, Cr, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Ho, K, La, Li,
Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Pr, Rb, Sb, Sc, Se,
Sm, Sn, Sr, Tb, Te, Th, Ti, T1, Tm, U, V, W, Y, Yb, and Zn)I
within the aforementioned vegetables, their accumulation
patterns, potential toxicity, and their overall implications for
human health.

Materials and Methods

Study Area and Sample Collection

Study Area The study was conducted in Ambagarh Chouki,
Chhattisgarh, India (20.78209°N, 80.74117°E) (Fig. 1). This
region experiences a temperate climate with hot summers,
reaching temperatures up to 47 °C in May. Annual rainfall
exceeding 100 cm occurs during the summer months (May
to September). As reported by Acharyya et al. [30], the soil
is rich in minerals like biotite, chlorite, illite, kaolinite, and
goethite clay. Previous research indicates high levels of arse-
nic and other element contamination in both the soil and
plants [1, 2].

Soil Sampling Seven composite soil samples (S1-S7) were
collected from the topmost layer (0—10 cm) of the fields
where the vegetables were grown. After collection, the soil
was air-dried for a week, crushed into a fine powder, and
sieved to particles less than 0.1 mm. The pulverized samples
were then oven-dried at 50 °C overnight and stored at —4 °C
for further analysis.

Plant Sampling Seven leaf samples in triplicate were
obtained from the seven locations (Fig. 1). They were care-
fully washed twice with deionized water to remove surface
contaminants. The prepared leaf samples were subjected to
the same storage and preservation procedures as the soil
samples to maintain their integrity for subsequent analysis.
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Fig. 1 Soil sampling locations in Ambagarh Choukri, CG, India

Sample Preparation

Microwave-assisted digestion (Multiwave 3000, Anton
Paar, Austria) was employed to analyze the total element
content of both plant and soil samples. Plant sub-samples
(approximately 0.07 g) underwent a single-step diges-
tion using a mixture of HNO; (6 mL; 65%, supra pur,
Fluka, Steinheim, Switzerland) and HF (0.1 mL; 48%, pro
analysi, Kemika, Zagreb, Croatia).

Soil sub-samples (approximately 0.05 g) were subjected
to a two-step digestion process. The first step involved
utilizing a mixture of HNO; (4 mL, 65%, pro analysi,
Kemika, Zagreb, Croatia), HC1 (1 mL; 37%, pro analysi,
Fluka, Steinheim, Switzerland), and HF (1 mL, 48%; pro
analysi, Kemika, Zagreb, Croatia). Subsequently, 6 mL of
H,BO; (40 g L™, pro analysi, Fluka, Steinheim, Switzer-
land) were added.

Following digestion, the preparation for analysis dif-
fered slightly for the two sample types. In the case of soil
digests, a ten-fold dilution with 2% (v/v) HNO; was per-
formed, followed by the introduction of an internal stand-
ard (In, 1 pg L™Y). For plant digests, samples were solely
acidified with 2% (v/v) HNO; without further dilution. The
internal standard (In, 1 pg L™!) was also added.

Multielement Analysis

An inductively coupled plasma triple quadrupole mass spec-
trometer (ICP-MS/MS, 8900. Agilent, USA) was used for
quantification of 52 elements (Al, As, Ba, Be, Bi, Ca, Cd,
Ce, Co, Cr, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Ho, K, La, Li,
Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Pr, Rb, Sb, Sc, Se,
Sm, Sn, Sr, Tb, Te, Th, Ti, T1, Tm, U, V, W, Y, Yb, and Zn)
within soil, leaf, and standard samples.

Mass calibration was performed using a multi-element
solution from Merck KGaA (Germany), containing B, Ba,
Co, Fe, Ga, In, K, Li, Lu, Rh, Sc, T1, U, and Y. Calibration
curves were generated through external standardization with
a series prepared from standard solutions, including a blank
sample.

For trace elements, quantification employed diluted multi-
element reference solutions (100 +0.2 mg Ll Analytika,
Prague, Czech Republic) containing aluminum Al, As, Ba,
Be, Bi, Cd, Co, Cr, Cs, Cu, Fe, Li, Mn, Mo, Ni, Pb, Sr, Ti,
TL, V, and Zn. These solutions were further supplemented
by single-element standards of Ga, Ge, Nb, Rb, Sb, Sn, Te,
Th, U, and W (1.000+0.002 g L™!; Analytika). Concerning
major elements, a standard solution (1.000 +0.002 g L,
Analytika) facilitated the measurement of Ca, K, Mg, and
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Na. Phosphorus determination utilized individual reference
solutions (1.000+0.002 g L, Analytika). In relation to rare
earth elements, a dedicated multi-element standard (Analy-
tika) containing Ce, La, Nd, and Pm (100 +0.2 mg L'l) and
Dy, Er, Eu, Gd, Ho, Lu, Sc, Sm, Tb, Tm, Y, Yb (204 0.4 mg
L") was employed.

To ensure the accuracy and reliability of the data, blank
samples were analyzed alongside the actual samples to
identify any potential contamination introduced during
sample preparation or analysis. Certified reference mate-
rials (CRMs) were also incorporated into the analysis.
These CRMs, specifically NCS DC 77302 (soil) and NCS
ZC73018 (citrus leaves) obtained from the China National
Analysis Center for Iron and Steel (Beijing, China), are certi-
fied for most of the elements being measured. The analysis
results demonstrated good agreement between the measured
concentrations in both the samples and CRMs, which fell
within the acceptable range of analytical uncertainties, typi-
cally around 10%.

Enrichment and Health Assessment

This study employed various enrichment and health assess-
ment indices to evaluate potential environmental and human
health risks associated with element accumulation in the
studied vegetables [21, 31-33].

Contamination factor (CF): the ratio between the element
concentration in the sample (C,) and the corresponding
background concentration (B,).

C

CF = £ (1)

n

Enrichment factor (EF): compares the enrichment of an
element in the sample relative to a reference element, con-
sidering both sample and background concentrations.

F= (Cn /Cref )sample
(C,/C

@

ref )back ground

Transfer factor (TF): represents the ability of a plant
to uptake an element from the soil, calculated as the ratio
between the element concentration (C,) in the plant and the
soil.

C

n in plant

C

TF = 3)

n in soil

Estimated daily intake (EDI, mg kg™! day™'): estimates
the average daily intake of an element by an individual
through vegetable consumption. Factors considered include
exposure frequency (Ef, 365 days/year), duration (Ed, 77 and
81 years for males and females, respectively), vegetable con-
sumption rate (Fir, 240 g/(person day)), metal concentration
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(Cm, expressed in mg kg~'), and body weight (BW, 70 and
60 kg for males and females, respectively). Cf is the con-
centration conversion factor for fresh vegetable weight to
dry weight (0.085) [34] and AT the average time (365 days
year~! X Ed). Average vegetable consumption rate and body
weight values were adopted as per established guidelines
[35].

Ef x Ed X Fir Xx Cm x Cf
BW x AT

EDI = x 1073 )

Target hazard quotient (THQ): assesses the potential non-
carcinogenic health risks associated with element exposure.
It is calculated by dividing the estimated daily intake (EDI)
by the reference oral dosage (RfD, mg day~!' kg™') for a
specific element.

EDI
THQ = —

Q RfD )

Hazard index (HI): represents the cumulative effect of
exposure to multiple elements by summing the individual
hazard quotients (THQs) for each element of concern.

HI = HQ, + HQ¢y + HQc, + HQ(, + HQy; + HQpy, + HQy

(6)

Carcinogenic risk (CR): Estimates the potential lifetime

cancer risk associated with exposure to carcinogenic ele-

ments through vegetable consumption. It is calculated by

multiplying the estimated daily intake (EDI) by the cancer
slope factor (CSF) for the element.

CR = EDI X CSF @)

Reference dosage (RfD=0.007, 0.003, 0.02, 0.04, 0.0003,
0.001, and 0.0035 mg kg~! day~! for V, Cr, Ni, Cu, As, Cd,
and Pb, respectively) and cancer slope factor (CSF=Cr, Ni,
As, Pb, and Cd were 0.5, 1.7, 1.5, 0.38, and 0.01 mg/kg/day)
values were obtained from the literature [36, 37].

Statistical Analysis

A three-factor analysis (FA) was conducted to discern the
sources of measured trace metals in the collected leafy veg-
etable samples using IBM SPSS 20.0 USA [38]. The FA
was applied to the leafy vegetable dataset comprising 21
cases by 32 metals, employing Varimax rotation with Kaiser
normalization.

Results and Discussion

Distribution of Elements in Surface Soil

The soil of Ambagarh Chowki is alluvium rich with miner-
als [30], and details of the concentrations of the 52 analyzed
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elements within the soil samples are shown in Table S1.
The soil exhibited characteristics of alkalinity and sodicity,
reflected by a sodium adsorption ratio (SAR) of 7.0 +2.2.
All samples displayed a magnesium hazard, ranging from
46.8% to 70.3%, with an average value of 65.0 +7.7%.

Total element concentrations varied significantly, span-
ning a range of 113 to 150 g kg™!. Iron had the highest aver-
age concentration (48.4 g kg™!), followed by a sequential
decrease in abundance for Al, K, Ca, Ti, Mg, Na, Mn, Ba,
and P. The remaining elements had progressively lower con-
centrations, with Te having the lowest (0.05 mg kg").

Several factors likely contribute to the observed variations
in element concentrations and ratios, including complexation
reactions (provided that interactions between elements can
influence their mobility and availability in the soil), relative
solubilities (given that elements like Na and Mg have differ-
ing solubilities, affecting their behavior in the soil matrix),
and volatility (e.g., P exhibits volatile properties, potentially
impacting its concentration in the soil).

The concentration of Rare Earth Elements (REEs) dis-
played considerable variation within the samples. The total
REE content ranged from 210 to 311 mg kg™, with an aver-
age of 251 mg kg™!. La and Ce were the most abundant
REEs, while Tm and Lu were the least abundant. Light REEs
(LREESs) constituted a larger proportion (42-53%) of the
total REE content compared to Heavy REEs (HREEs). This
resulted in LREE/HREE ratios ranging from 12.3 to 17.3.
The average LREE to HREE ratio (ZLREE/ZHREE) was
14.5+ 1.8 (Table S1). The leaching behavior of REEs var-
ies, with LREEs and HREEs displaying distinct leaching
behaviors, as reported in previous research [39].

Contamination and Enrichment Factors

The analysis of contamination factor (CF) values revealed
varying degrees of enrichment for elements in the soil com-
pared to their background concentrations. Sodium exhibited

Fig.2 Values of the enrichment
factor (EF) of the elements in
the Ambagarh Choukri soils

Element

very low contamination (CF=0.12), while elements like Sc,
Ge, Co, Cd, Mn, Se, and Bi displayed moderate contamina-
tion (CF ranging from 2.0 to 3.3). Notably, Sb, Te, and As
demonstrated extremely high contamination (CF exceeding
10). Figure 2 provides a visual representation of the EF val-
ues for further clarity.

Enrichment factor (EF) values were higher than the cor-
responding CF values. This difference can be attributed to
the lower aluminum content in the soil samples compared to
the reference values used for calculating EF.

Concerning the assessment of contamination, the combined
evaluation of contamination and enrichment factors indicates
moderate to significant contamination within the soil. Arsenic,
Sb, and Te were identified as the primary contributors to this
contamination, originating from both natural processes and
human influences such as industrial and agricultural activities.

A detailed discussion of the geochemical characteristics
and element origins within the Ambagarh Chouki district's
soil can be found in Verma et al. [3]. Their study suggests
that the soil in this region exhibits a diverse geochemical
composition shaped by natural processes (weathering, soil
formation) and anthropogenic activities. This is reflected in
the elevated levels observed for CF and EF, particularly evi-
dent for Sb, As, and Te.

Distribution of Elements in Leaves

Leafy vegetables are an important part of the diet as they are
rich in minerals, fibers, phytochemicals, and other nutrients,
which help reduce the risk of many diseases [40]. However,
they are seriously contaminated with toxic elements [41].
Hence, Table S2 provides a detailed analysis of the element
distribution within leaves collected from the seven leafy
vegetable species. Table 1 shows the range and mean val-
ues of concentration and transfer factor of elements in the
vegetables.

Nb,Ni, Zn,La,Tb, Dy, Ho
Pr, Nd,Er, Lu

Th, Eu, Yb,Tm

Cu, Ce

0 10 20 30 40 50
EF value
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Table 1 Distribution and
transfer factor of major
and trace elements in leafy

Element Concentration in mg kg™! (or in g kg~! for ele- Transfer factors in leaf
ments marked with an asterisk)

vegetables from Ambagarh Min Max Mean +Std Min Max Mean +Std
Choukri
Al* 0.81 3.7 2.17 0.84 0.02 0.09 0.05 0.02
As 1.11 5.73 3.12 1.28 0.03 0.1 0.07 0.02
Ba 38.9 141.9 66.09 34.29 0.08 0.24 0.12 0.06
Be 0.03 0.19 0.10 0.05 0.03 0.17 0.10 0.04
Bi 0.01 0.03 0.02 0.01 0.03 0.1 0.07 0.03
Ca* 10.3 30.2 20.34 6.73 1.42 3.72 2.56 0.96
Cd 0.03 0.73 0.20 0.23 0.17 4.85 1.18 1.56
Co 0.29 2.58 1.56 0.85 0.01 0.12 0.06 0.04
Cr 2.4 13.8 6.81 3.78 0.01 0.15 0.08 0.04
Cu 13.7 29.5 20.80 5.05 0.28 0.58 0.42 0.09
Fe* 0.81 4.18 2.37 1.01 0.02 0.12 0.06 0.03
Ga 0.27 1.6 0.91 0.41 0.02 0.1 0.05 0.03
Ge 0.06 0.28 0.16 0.07 0.02 0.09 0.05 0.02
K* 17.2 57.4 37.67 13.31 1.65 6.32 3.30 1.41
Li 0.59 2.55 1.46 0.66 0.05 0.21 0.11 0.06
Mg* 2.7 20.8 8.18 5.80 0.5 4.57 1.62 1.37
Mn 68 521 188.00 143.43 0.07 0.68 0.21 0.20
Mo 0.48 22 0.98 0.53 0.52 2.8 1.21 0.74
Na* 0.37 26.6 442 9.08 0.11 9.34 1.55 3.19
Nb 0.19 1.17 0.68 0.30 0.01 0.07 0.04 0.02
Ni 2.1 7.25 423 1.64 0.02 0.14 0.07 0.04
P* 3.67 6.66 4.83 0.95 24 133 56.71 36.45
Pb 1.59 4.78 2.62 0.99 0.05 0.15 0.09 0.03
Rb 9.1 80.3 30.14 23.61 0.12 1.24 0.39 0.37
Sb 0.05 0.12 0.07 0.02 0.06 0.16 0.09 0.04
Sc 1.22 3.87 2.48 0.79 0.03 0.11 0.06 0.02
Se 0.06 0.63 0.18 0.19 0.24 3.0 0.83 0.90
Sn 0.31 0.77 0.54 0.15 0.11 0.35 0.20 0.08
Sr 32.8 93.3 59.61 17.90 0.49 1.51 0.86 0.33
Te 0.008 0.014 0.01 0.00 0 0.73 0.21 0.25
Th 0.23 0.96 0.53 0.23 0.02 0.05 0.03 0.01
Ti 62 435 244.43 112.34 0.01 0.1 0.05 0.03
Tl 0.02 0.07 0.04 0.02 0.03 0.1 0.06 0.02
U 0.06 0.2 0.14 0.05 0.02 0.07 0.04 0.01
\% 1.4 10.2 5.59 2.64 0.01 0.12 0.05 0.04
" 0.06 0.17 0.12 0.04 0.02 0.08 0.04 0.02
Y 0.36 1.94 1.05 0.48 0.02 0.07 0.04 0.02
Zn 29.4 577 48.30 8.85 0.32 0.7 0.52 0.13
La 0.63 3.33 1.84 0.80 0.02 0.07 0.04 0.02
Pr 0.14 0.79 0.43 0.20 0.02 0.07 0.04 0.02
Nd 0.53 2.96 1.60 0.74 0.02 0.07 0.04 0.02
Sm 0.1 0.61 0.33 0.15 0.02 0.08 0.04 0.02
Eu 0.03 0.14 0.07 0.03 0.02 0.08 0.04 0.02
Gd 0.07 0.4 0.22 0.10 0.02 0.1 0.05 0.03
Tb 0.01 0.07 0.04 0.02 0.02 0.08 0.04 0.02
Dy 0.07 0.4 0.22 0.10 0.02 0.08 0.04 0.02
Ho 0.01 0.08 0.04 0.02 0.01 0.07 0.04 0.02
Er 0.04 0.23 0.13 0.06 0.01 0.07 0.04 0.02
Yb 0.04 0.21 0.12 0.05 0.01 0.07 0.04 0.02
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Table 1 (continued)

Element Concentration in mg kg™! (or in g kg~! for ele- Transfer factors in leaf
ments marked with an asterisk)
Min Max Mean + Std Min Max Mean + Std
Lu 0.01 0.03 0.02 0.01 0.01 0.06 0.04 0.01
The total element concentrati?ns exhibited a wide range, - A WP mFe mNa =Mg mCa mK
varying from 110 to 147 g kg™ with an average value of Z200
126 +13 ¢ kg'l. In terms of elemental abundance, C. olito- :;) 0 I g ! - o ! = 5
rius leaves displayed the highest overall element concen- “ AT CM CO  HS B MO SO
tration. Key elements and their corresponding concentra- Plant leaf
tions include K (37,679 mg kg™!), Ca (20,329 mg kg™"), Mg
(8,181 mgkg™), P (4,829 mgkg™"), and Na (4,423 mgkg™!). B i o Cu 7 =B
The remaining elements had progressively lower concentra- -
tions, with Te being the least abundant (0.01 mg kg™). %2400
Regarding species-specific accumulation, S. oleracea 5200 . 999 -
leaves exhibited the highest concentrations for over 73% of Z 0
the analyzed elements (viz. Al, Ba, Be, Bi, Cd, Cr, Fe, Ga, AT M €O Plaﬂfeaf 1B MO SO
Ge, Li, Mn, Na, Nb, Ni, Pb, Sb, Sc, Th, Ti, T1, U, V, W,
and REEs), Fig. 3. In contrast, leaves from M. oleifera, A. C mPb mAs mREEs = Cr
tricolor, H. sabdariffa, and C. myxa displayed peak concen- T 40
trations of elements like Ca, Se, and Te; Mg, Sr, and Mo; As, i;n
Co, and Sn; and P, Cu, K, Rb, and Zn, respectively. 5 20 J j j J j 5 J
As for the element ratios, the mass ratios of spe- % 0
cific elements (Ca/Mg=3.1+1.1, K/Na=63.6+44.8, AT M €O M D MO SO

K/P=7.8+2.6, Th/U=3.8+0.7) in the leaf samples devi-
ated from those observed in the soil (1.7+0.4, 4.1 +0.6,
207 +317, 5.3+0.6). This variation primarily stems from
the significant accumulation of K and P within the leaves.
Additionally, the average LREEs to HREEs ratio (XLREE/
2HREE) was 10.4 + 0.6 (Table S2).

As noted above, leafy vegetables may pose a higher risk for
human consumption due to their greater capacity to accumu-
late potentially harmful substances compared to root and fruit-
ing vegetables [42, 43]. Leafy vegetables from the Ambagarh
Chouki district exhibited higher element contents compared to
those reported in studies from other regions [18, 42, 44-46].

For instance, concerning the heavy metal content, Sobukola
et al. [46], analyzed the composition of various leafy vegeta-
bles in Nigerian markets. They found that the Cd level ranged
from 0.03 to 0.09 mg kg™!, Co from 0.02 to 0.36 mg kg™!, Cu
from 0.02 to 0.07 mg kg™, Ni from 0.05 to 0.24 mg kg™!, Pb
from 0.09 to 0.21 mg kg™!, and Zn up to 0.01 mg kg ™! across
these vegetables. Similarly, Ali and Qahtani [43] investigated
vegetables grown in industrial and urban areas. They identi-
fied the presence of various heavy metals like Cd, Cu, Fe, Mn,
Pb, and Zn, with the highest concentrations observed in leafy
vegetables. Interestingly, C. olitorius displayed significantly
higher levels of Mn (94.1 mg kg™') and Zn (33.2 mg kg™!)
compared to this study (188 mg kg™ and 54.3 mg kg™!,
respectively). However, the opposite trend was observed
for Cd in S. oleracea: while Ali and Qahtani [43] reported a

Fig.3 Concentration variation of metals in the plant leaves of Ama-
ranthus tricolor (AT), Cordia myxa (CM), Corchorus olitorius (CO),
Hibiscus sabdariffa (HS), Ipomoea batatas (IB), Moringa oleifera
(MO), and Spinacia oleracea (SO). Subfigure (A) shows the nutrient
concentration (NC), while subfigures (B) and (C) display the heavy
metal concentration (HMC)

concentration of 4.13 mg kg™, the current study revealed a
significantly lower value of 0.73 mg kg™!.

As for REEs, Zhuang et al. [18] reported the high-
est REE concentrations in leafy vegetables from mining
areas in China (0.98 mg kg™!) compared to control areas
(0.08 mg kg™!). Fiket and Meduni¢ [45] documented slightly
higher REE levels in vegetables from Croatia (from a natu-
rally REE-enriched soil). The reported REE concentrations
ranged from 0.003 mg kg™! (Tm) to 0.999 mg kg™! (Ce),
with an average total REE (XREE) content of 2.42 mg kg™".
These values remain considerably lower than those observed
in the current study.

Transfer Factor
To explore the uptake and accumulation of various elements

by the studied leafy vegetable species, transfer factors —
which represent the ratio of element concentration in plants
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compared to the surrounding soil— were calculated (Table 1
and Table S3).

TF values varied significantly across the studied leafy
vegetables. Essential nutrients generally exhibited the high-
est TFs, indicating their efficient absorption by these plants.
Phosphorus displayed significant hyperaccumulation in all
studied leaves, with values ranging from 24.0 to 133 and
the highest concentration in A. tricolor leaves. Similarly,
hyperaccumulation of both K and Ca was observed in all
leaves, with TFs ranging from 1.65 to 6.32 for K and 1.42
to 3.72 for Ca. Cordia myxa leaves showed the highest K
accumulation, while A. tricolor leaves had the highest Ca
concentration.

Other elements such as Na, Mg, Mo, and Sr exhibited
varying degrees of hyperaccumulation in some vegetables,
with values ranging from 0.11 to 9.34. Spinacea oleracea
and A. tricolor leaves displayed the highest accumulation
of these elements.

These findings align with previous research on heavy
metal uptake in leafy vegetables [41, 47]. Additionally,
the observed TF values are comparable to or exceed those
reported by Petrovic et al. [48] for vegetables grown in areas
impacted by anthropogenic activities like mining and coal
combustion.

Toxicity

The analysis of leafy green vegetables revealed that con-
centrations of most detected elements surpassed established
safety thresholds. Spinacea oleracea leaves demonstrated
the highest propensity for element accumulation. Twenty-
one elements, including Cr, Cd, Pb, Ni, Co, V, Cu, Zn, Fe,
Mn, Th, Sb, Ba, Be, Li, Sr, T1, U, Se, Sn, and REEs, were
found in concentrations exceeding established safety limits
(2.30, 0.20, 0.30, 0.1, 0.01, 0.03, 10, 50, 450, 500, 0.27,
0.02, 0.002, 0.002, 0.004, 0.01, 0.001, 0.0004, 0.01, and
0.01 mg kg~!, respectively) [49—53]. Seventeen elements,
including Be, Ba, Cd, Co, Cu, Fe, Li, Ni, Pb, Sb, Se, Sn, Sr,
Tl, U, V, and REEs, consistently surpassed these permissible
limits across all seven types of leafy vegetables analyzed
(refer to Table 1 and Table S2 for details). Two additional
elements, Cr and Th, exceeded their limits in all except the
M. oleifera leaves. Zinc exceeded the allowable limit only in
three types of leaves (S. oleracea, A. tricolor, and C. myxa),
while Mn surpassed its limit solely in S. oleracea leaves.
The calculated EDI values for seven elements (V, Cr, Ni,
Cu, As, Pb, and Cd) in both men and women ranged from
0.223 t0 0.578 mg kg~! and 0.262 to 0.675 mg kg~!, respec-
tively (refer to Fig. 4 and Table S4 for details). Notably, three
elements (Cr, Cu, and V) contributed most significantly to
the total intake. The presence of Cr(VI) in edible vegeta-
bles poses a health risk to living organisms. A method could
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be developed for the detection of Cr(VI) in aqueous extracts
using hydroxyamidines as a reagent [54].

Figure 5 and Table S5 present the THQ values for the
mentioned elements. Chromium exhibited the most concern-
ing THQ, ranging from 18 to 103 for men and 21 to 120 for
women, highlighting the severity of potential health risks
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Fig.6 Graphical representation of the Carcinogenic Risk (CR) values
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olitorius (CO), H. sabdariffa (HS), I. batatas (IB), M. oleifera (MO),
and S. oleracea (SO) for both men and women

associated with this element. Arsenic and Pb also displayed
high THQs, indicating serious risks for both sexes. Vana-
dium and Cd posed significant health risks as well, with
THQ values ranging from 4.4 to 32.7 and 0.7 to 16.4 for
men, respectively. Copper, while essential, showed THQ
values suggesting potential toxicity at high concentrations.
Nickel had comparatively lower THQ values but still raised
concerns. It is crucial to note that THQ values are generally
higher in women due to their lower average body weight
compared to men. This weight difference translates to a
higher relative dose of pollutants absorbed, consequently
elevating their potential health risk. This gender-specific vul-
nerability necessitates careful consideration in risk assess-
ments and the development of protective measures.

Similar work on Cr-contaminated soil reported that leafy
vegetables had higher Cr (125.20-168.99 mg kg~!) and Cd
(0.19-0.83 mg kg~') values than those observed in this
study, but had lower contents of other metals such as Ni,
Cu, and Zn [41].

The HI for the analyzed elements varied between 98 and
274 for men and 192 and 645 for women across the seven
types of leaves. The highest HI values were observed in S.
oleracea leaves, followed by other vegetables (H. sabdar-
iffa> A. tricolor> C. olitorius > C. myxa > I. batatas > M.
oleifera).

Regarding carcinogenic risk, Fig. 6 and Table S6 pre-
sent the CR associated with exposure to five elements (As,
Cd, Cr, Ni, and Pb) across the leafy vegetables. CR val-
ues ranged from 0.223 to 0.675 for men and 0.262 to 0.578
for women. Spinach leaves again exhibited the highest CR

values. Among these elements, Ni, Cr, and As were the pri-
mary contributors to the total CR, exceeding the acceptable
limit of 1x 107* [55]. Notably, the Hazard Quotient (HQ)
for all vegetables surpassed 1, indicating a potential non-
carcinogenic health risk.

Correlation and Sources

Thirty-four elements, namely Al, Ba, Be, Bi, Co, Fe, Ga,
Ge, Li, Nb, Ni, Pb, Sc, Th, Ti, T1, U, V, W, Y, La, Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu, exhibited
strong correlations (ranging from 0.70 to 1.00) within the
studied leafy vegetables. This suggests similar uptake pat-
terns and potential links to the elemental composition of
the soil. Additionally, noteworthy correlations (ranging from
0.70 to 0.92) were observed between specific elements: As,
Co, and Sb; Ca and Sr; Cd, Cr, Mn, Na, and Ni; Ca and Sr;
Cr and Ni; Mg and Mo; Na, Ti, and Eu; and Sb and Ce.

Factor analysis (FA) was applied to the leafy vegetable
composition data, revealing three key factors contributing to
the overall elemental profile (refer to Table S7 for details).

Factor 1, explaining 52.96% of the total variance, is pri-
marily characterized by REEs alongside Al, Be, Bi, Fe, Li,
Ni, and Pb. These elements likely serve as indicators of the
soil composition [56, 57]. Notably, Pb and Ni are addition-
ally associated with fossil fuel combustion and vehicle emis-
sions, accumulating on leaves through atmospheric deposi-
tion [58]. Therefore, this factor represents a combination
of influences from the soil's origin and vehicular pollution.

Factor 2, accounting for 14.88% of the variance, exhibits
high loadings for Mg, Cd, Ca, Ba, and Mn. Calcium and
Mg are classified as lithogenic elements [58]. Barium and
Mn primarily stem from anthropogenic sources such as min-
ing, refining, and fossil fuel burning [59]. Consequently, this
factor also signifies the combined contributions of human
activities and natural geological sources.

Factor 3 is defined by Cu, K, Rb, Zn, and P. The primary
sources of Cu and Zn in agricultural settings are fertilizers
and sewage irrigation [60—62]. Therefore, this factor is ten-
tatively attributed to the influence of agricultural practices.

Conclusions

An extensive analysis of nutrients, trace, toxic and rare earth
elements in seven leafy vegetables grown in the Ambagarh
Chouki district revealed concerning accumulation patterns.
While most elements surpassed established safety limits, S.
oleracea displayed the highest overall accumulation. Nota-
bly, M. oleifera exhibited elevated levels of Ca, Se, and Te,
while A. tricolor showed enrichment in Mg, Sr, and Mo.
Hibiscus sabdariffa had heightened concentrations of As,
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Co, and Sn, and C. myxa had higher levels of P, Cu, K, Rb,
and Zn. This diversity highlights the varying degrees of ele-
ment uptake among these vegetables.

The estimated daily intake of elements like As, Cd, Cu,
Cr, Ni, Pb, and V differed significantly across the veg-
etables. This variation resulted in particularly high target
hazard quotient values for Cr, Cu, and V, indicating severe
potential health risks. These risks were especially concern-
ing for women due to their lower body weight, leading to
a higher relative element intake. The hazard index further
emphasizes significant health risks associated with consum-
ing these vegetables, particularly S. oleracea. Additionally,
the calculated carcinogenic risk underscores the need for
vigilant monitoring due to the presence of elements poten-
tially linked to cancer.

These findings highlight the critical importance of regu-
larly monitoring the elemental content of leafy vegetables,
especially in areas prone to contamination. Further research
and regulatory actions are essential to ensure the safety and
nutritional quality of this widely consumed food source.
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