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Abstract

The growth of population, increasing urbanization and rising standards of human
have contributed to increase in both quantity and variety of solid wastes gener-
ated by agricultural, domestic and industrial activities. Industrial wastes contrib-
uted more than 85 % of solid waste generation globally. Metals are the major
component of almost all the industrial activities but their mining, extraction,
purification and various manufacturing processes generate mining and metallur-
gical wastes having enormous environmental and health impacts. This chapter
aims to describe the metals in solid wastes from mining and metallurgical indus-
tries and their toxicological impacts on plant community. Industrial wastes are
composed of a wide range of essential macro- and micronutrients such as Na, K,
Ca, Mg, Mn, Fe, Cu, Zn, Ni, Co, and Mo which are required by plants for their
growth and development. But the concentrations of micronutrients in plants
when they exceed certain thresholds may interfere with plant metabolic activities
leading to the reduction in their productivity. Similarly, non-essential metals and
metalloids such as Cd, Pb, As, Al, Bi, Cr, Hg, Ti and Si at elevated concentrations
in plants cause phytotoxic effects and lead to food chain contamination. These
wastes are generated in huge quantities and discarded without any proper pre-
treatment; therefore, chances of contamination of environmental components are
obvious. This chapter also suggests the possible and better management oppor-
tunities including site restoration by rehabilitation and phytoremediation of
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metal-contaminated sites using native and medicinal plant species to reduce food
chain contamination and an ultimate risk to human health.
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10.1 Introduction

Xenobiotics in residues from agricultural, domestic and industrial sectors are sig-
nificant environmental pollutants and are the major concerns for safeguarding the
human and ecological health of various ecosystems. Common examples of organic
xenobiotics are soap, detergents, disinfectants, herbicides, insecticides, vinegar,
spices, fats, oils, etc., whereas inorganic xenobiotics include inorganic fertilizers,
acidic and basic compounds and metals (Tyus 2012). Metals such as zinc, copper,
iron, magnesium, nickel, manganese, molybdenum, etc. are essential for living
organism but when present in higher concentration than usual, cause toxic effects
(Hodson 2012). Toxic metals include cadmium, lead, chromium and mercury, which
are foreign to biological systems are referred as xenobiotic metals (Solenkova et al.
2014). Metals are of significant importance because of their widespread application
in manufacturing and infrastructure developments going on throughout the world
leading to increased waste generation, and, hence, the metallic wastes from mining
and metallurgical industries may pose significant threats to plant species and
ecosystems.

Rapid industrialization and urbanization have resulted in an enormous increase
in solid wastes due to a variety of activities. Out of ~ 12 billion tonnes of solid
wastes generated during 2002, 11 billion tonnes were contributed by industrial
wastes (Yoshizawa et al. 2004). As per the statistics on waste generation in
India given by Pappu et al. (2007), the highest proportion of annual solid waste
was contributed by the agricultural sector (147.5 MT) followed by thermal power
plants (in terms of coal combustion residues) (112 MT), mining and metallurgical
industries (99 MT) and municipal solid wastes (48 MT) (Fig. 10.1). Mining and
metallurgical industries are of considerable importance in providing great diversity
of minerals for industrial and household activities, thus contributing the major pro-
portion of the world’s economy.

10.2 Mining Industries

Mining is a process where extraction of materials from the ground takes place in
order to recover metalliferous (bauxite, lead, zinc, copper, etc.) and non-metalliferous
(sand, stone, kaolinite, phosphate, limestone, rock salt, slate and sulphur) ores and
fuel (coal and oil). Mining process can be categorized into surface, underground and
in situ mining.
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Fig. 10.1 Solid waste generation in India from mining and metallurgical industries (Modified
from Pappu et al. 2007)

10.2.1 Surface Mining

Mining of mineral deposits from either at or close to the earth’s surface involves
removing surface vegetation, topsoil and layers of bedrock in order to reach buried
mineral deposits.

10.2.2 Underground Mining

Underground mining consists of digging tunnels or shafts into the earth to reach
buried ore deposits. Ores for processing and waste rock for disposal are brought to
the surface through the tunnels and shafts.

10.2.3 In Situ Mining

In situ mining is a method of extracting minerals from an orebody that is left in
place rather than being broken up and removed. The process involves a series of
wells that are drilled into the orebody, and solvents are injected through certain
wells and withdrawn through others. In situ mining is an advanced technique, pro-
viding an alternative with less environmental impact than conventional surface and
underground mining.

During the process of mining, large quantities of solid wastes are generated and
are categorized as rock wastes, overburden, sludge, tailings and spoils (Fig. 10.2).
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Mining industries that contribute a major proportion of the gross domestic product
(GDP) of the world are bauxite, coal, copper, diamond, gold, iron ore, natural gas,
nickel, oil shale, opal, petroleum, rare earth elements, silver, uranium, zinc and lead.

10.3 Metallurgical Industries

A metallurgical industry involves mechanical, physical and chemical methods of
producing a pure form of metals or alloys from ores. There are mainly three types
of metallurgical operations, namely, pyrometallurgical process, where smelting,
refining and roasting of extracted ores are performed; hydrometallurgical operation,
where production of phosphoric acid by phosphate digestion takes place and elec-
trometallurgical process which is an electrolytic process of metal refining. Waste
materials generated from metallurgical industries are slags, tailings, red mud, sludge
and filter residues (Fig. 10.3).
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This chapter particularly aims to describe the metals and metalloids in solid
wastes from mining and metallurgical industries and their toxic impacts on plant
community structure. Information on better management options including phy-
toremediation, reclaimation of polluted sites and potential reuse of these wastes are
also discussed.

10.4 Characterization and Estimation of Metal Contents
in Solid Wastes Generated from Mining
and Metallurgical Industries

The wastes are characterized, in terms of chemical and mineralogical compositions.
Chemical composition is determined by digesting the material in appropriate acids
and analysing by atomic absorption spectroscopy (AAS) and inductively coupled
plasma and mass spectroscopy (ICP-MS). Other methods of analysis include poten-
tiometric titration, conductometric titration and colorimetric methods using a spec-
trophotometer (Willard et al. 1988). Mineralogical compositions of the wastes can
be determined by X-ray diffraction (XRD), scanning electron microscopy (SEM),
microprobe, image analyser (IA), proton-induced X-ray analyser (PIXE), energy-
dispersive X-ray analyser (EDX), secondary ion mass spectrometer (SIMS), laser
ionization mass spectrometer (LIMS), infrared analysis (IRA) and cathode lumines-
cence (Rao 2011).

Waste materials generated from mining and metallurgical processings (slags,
tailings, overburden, rocks, filter residues, sludge and red mud) are heterogeneous
geologic materials, which have been deposited in surrounding areas without any
proper pretreatments. Physico-chemical properties of these wastes depend upon the
mineralogy, geochemistry, particle size of mine materials, moisture content, type of
processes used in extraction, purification and refining of materials (Hassinger 1997).
Generated wastes are composed of a wide range of particle size fractions varying
from coarse mine wastes to slimes (Ritcey 1989). These wastes generally have
extreme pH values (acidic to alkaline), reduced concentrations of essential plant
nutrients (nitrogen (N), phosphorous (P), potassium (K) and other micronutrients),
low organic matter, extremely low microbial activities, high cation exchange capac-
ity, poor water holding capacity, high bulk density and elevated levels of heavy
metals (Conesa and Faz 2011).

Metals are an important component in industrial wastes that are dispersed in soil,
surface and groundwater leading to environmental risks to adjoining areas (Santos-
Jallath et al. 2012; W¢jcik et al. 2014). Based on previous studies, concentrations of
selected metals such as sodium (Na), potassium (K), calcium (Ca), manganese
(Mn), magnesium (Mg), iron (Fe), cobalt (Co), cadmium (Cd), nickel (Ni), copper
(Cu), zinc (Zn), arsenic (As), lead (Pb), chromium (Cr), mercury (Hg), aluminium
(Al), molybdenum (Mo), bismuth (Bi), titanium (Ti) and silica (Si) in mining (met-
alliferous, non-metalliferous and fuel) and metallurgical wastes are presented in
Table 10.1, which shows a wide range of their concentrations in discharged wastes
resulting in contamination of not only soil at dumping site but also affecting nearby
areas. Essential macro- and micronutrients such as Na, K, Ca, Mg, Fe, Zn, Mn, Co,
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Table 10.1 Range of selected metal concentrations present in solid waste dump from mining and
metallurgical industries

Metalliferous Non-metalliferous Fuel mining Metallurgical
Metals | mining (ppm) mining (ppm) (ppm) industries (ppm)
Na <0.50-3480.0"* 0.50-30.001" 1.40-2.507 0.3-121.80192%
K 21.90-57.40 7.90-36.5001 3.30-12.701" 0.5-91.00®
Ca 0.60-4548.01 31.70-552.60021% 2.0-36.9017 11.00-541.0082D
Mg 2.79-6030.0% 0.70-29.4010-1D 2.60-9.4017 0-380.0%422)
Mn 0.20-7111.04 0.7019 0-993.017.16) 0.30-4000.0%02%
Fe 38.40- 1.10-77.3000-1» 26.50— 0.4-474.8066-2

37,7671.044 50,691.007:1
Co 13.05-371.054 ~79.000 15.0-75.3707 2.30-6150.0%39
Ni 73.50-1548.0¢4 16.0-243.049 8.05-107.0">17 1 0.70-2150.0?!34
Cu 0.30-2595.0" 28.10-99,999.01112 | 5.50-101.01+1" | 0.50-41,900.01°33)
Zn 0.10-21,007.5017 | 46.0-14,1000.0"%1? | 6.60-213.111% | 0.04-95,940.03>3D
Ti 3.90-12.401 ~0.5010 4.10-19.6017 1.30-171.3012%
Pb 0.20-5220.20% 111.0-1533.0"2 0.90-38.40+1® | 0.17-14,7700.0%330
Cd 0.05-1811.66¢ 48.20-823.50¢"1» 0-11.50141> 0.01-2402.0%8-32)
Bi <0.05-0.40" - - ~21.4067
As 0.20-80,000.0> 3.70-290.0"% 0-81.501417 0.02-86,000.0?7-2
Al 91.40-12,594.09 | 1.60-122.10" 62.30-278.70"7 | 10.00-810.06-3
Si 23.00-646.70%H 5.70-698.801 83.30-444.0"" | 26.00-3016.0C¢19)
Cr 200.0-3073.0“ 0.70-352.01010 9.67-164.01%17 | 1.0-3000.0%%
Hg 0.01-18.30%% - 0.10-0.22¢47 2.63-9300.0%

Superscript numbers are citation of references where first and second number represents minimum
and maximum concentrations of metals, respectively

'Filippi et al. (2015), *Rola et al. (2015), *Mathiyazhagan et al. (2015), “‘Nawab et al. 2015a,
SGutiérrez-Gutiérrez et al. (2015), °Cele and Maboeta (2016), "Bacchetta et al. (2015), *Mohanty
et al. (2010), “Palumbo-Roe et al. (2007), '"Hamzah et al. (2011), '"Jellali et al. (2010), "*Boulet
and Larocque (1998), '*Singh and Hendry (2013),'*Gholizadeh et al. (2015), "“Juwarkar and
Jambhulkar (2008), '°Pandey et al. (2016), '"Qureshi et al. (2016), '®Remon et al. (2005), ""Lopez
et al. (1997), 2°Shen and Forssberg (2003), >'Huaiwei and Xin (2011), **Costa et al. 2016, *Liu
et al. (2007), **Liu et al. (2009), >*Samal et al. (2015), **Sarkar and Mazumder (2015), *’Ene and
Pantelicd (2011), *Leonard (1978), Guo et al. (2014), ¥Cabala and Teper (2007), *'Niemeyer
etal. (2010), ?Douay et al. (2009), 3*Kiibek et al. (2010), *Adamo et al. (2002), ¥*Narendrula et al.
(2012), **Galindo et al. (2015), ¥'Li et al. (2014) and **Jacobs and Testa 2005

Cu, Ni and Mo are important for plant growth and development, but their concentra-
tions in either agricultural soil or plants beyond certain limit may cause toxic effects
on physico-chemical and biological properties of soil and plant’s performance
growing on heavily contaminated soil.

10.5 Toxic Impacts of Metals on Crop and Medicinal Plants

Contamination of agricultural lands with heavy metals in the vicinity of industries
has become a major environmental concern. Such toxic elements are considered as
soil pollutants due to their acute and (or) chronic toxicity to plants. Metal pollution
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Fig.10.4 Toxicological impacts of elevated concentrations of metals on plants

becomes a persistent problem, as, once released into the environment where organ-
isms may get affected because metals are not destroyed, but they only transform from
one oxidation state or organic complex to another or are gradually move into differ-
ent components of the biosphere (Marques et al. 2009). Surface runoff and leaching
from waste dumps pollute the groundwater (Baba and Tayfur 2011), while the dust
spread by wind settles on agricultural crops from where they enter the food chain
when consumed (Salomons 1995). Like other living organisms, plants are often sen-
sitive both to deficiency and excess availability of some essential micronutrients.
Higher concentrations of essential micronutrients are strongly toxic to the metabolic
activities of plants (Fig. 10.4). Several researches have been conducted to assess the
toxic effects of elevated metal concentrations on plants (Reeves and Baker 2000).
Here, the potential implications of some metals on plants are discussed in detail:

10.5.1 Sodium

Sodium is an essential nutrient for the growth of plants, and it plays an important
role in maintaining the turgor pressure inside plant cells (Jennings 1976), but its
excessive concentrations produce toxic effects on older leaves, cause premature leaf
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senescence and reduce total photosynthetic leaf area (Munns 2002). Na salts are the
major cause of salinity in soil that is a major challenge in many agricultural regions
in the world (Pitman and Léuchli 2002). In heavily polluted sites, Na salts precipi-
tate on leaves as water evaporates which in turn may result its higher concentration
in plants (Bailey et al. 1999). Phytotoxic symptoms due to higher Na accumulation
in plants are leaf burn, scorch and dead tissues which first appear on the outer edges
of leaves and then move progressively inward between the veins towards the leaf
centre with increase in severity (Table 10.2).

High Na concentration may alter normal growth and physiology of plants.
Significant reductions in shoot length, leaf area and dry weight of brinjal (Solanum
melongena) were recorded beyond 10 mmol L~! NaCl concentration, whereas maxi-
mum yield reduction (88.0 %) was observed above 150 mmol L~! NaCl concentra-
tion (Chartzoulakis and Loupassaki 1997). Similarly, leaf area development of
cotton (Gossypium hirsutum) and bean (Phaseolus vulgaris) was strongly inhibited
under Na stress, and such reduction in leaf area altered the photosynthesis and
growth of these plants (Brugnoli and Lauteri 1991). Plant height and leaf elongation
in tomato (Lycopersicon esculentum) also showed reductions with increase in NaCl
in the nutrient solution (Montesano and Van lersel 2007). In Capsicum annuum,
plant height and total leaf area were reduced by 49.0 and 82.0 %, respectively, under
NaCl concentrations above 50 mmol L~! (Chartzoulakis and Klapaki 2000). High
levels of NaCl in soil are reported to decrease the number of flowers and stem qual-
ity of Gerbera jamesonii (De Kreij and Van Os 1989) and Rosa hybrida (De Kreij
and Van Den Berg 1990). Lee and Van Iersel (2008) found that Chrysanthemum sp.
receiving 9 gL=! NaCl showed reduction in shoot dry weight (76.0 %), stomatal
conductance (90.0 %) and chlorophyll content (from 42.3 to 29.2 SPAD units), and
a 4-day delayed flowering was also observed compared to the control plants.
Montesano and Van Iersel (2007) also found significant reductions in leaf photosyn-
thesis and chlorophyll content at NaCl concentrations above 4.1 gL.~!. Increased Na*
uptake also interferes with uptake of K* in plants, thus causing K* deficiency
(Montesano and Van Iersel 2007).

10.5.2 Potassium

Potassium is also an important macronutrient required for plant physiological and
metabolic processes. The most important role of K in plants is to activate several
enzymes participating in plant metabolism (Evans and Sorger 1966). Most plants
require K in the range of 50—100 mM for their normal functioning (Epstein 1980).
Due to either K deficiency or excessive uptake, plants show necrosis, chlorosis and
leaf curling as visible symptoms (Table 10.2).

Critical concentrations of K for L. esculentum, Helianthus annuus and Zea mays
have been found to be 1.0, 2.2 and 1.3 ppm, respectively, which means that K helps
to increase their biomass that may reach up to 90 %, but above this concentration,
no further increase in biomass takes place (Besford and Maw 1975; Spear et al.
1978; Tyner and Webb 1946). Excessive K uptake may reduce plant’s ability to
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Table 10.2 Phytotoxic threshold levels and visible symptoms of injuries in crop and medicinal
plants under elevated levels of selected metals

Phytotoxic
threshold®

Metals | (ppm) Phytotoxic symptoms References

Na NT Interveinal chlorosis on young leaf, Arizona cooperative
leaves scorching and flecking and extension (1998)
reduced plant growth

K NT Necrosis and chlorosis along leaf Arizona cooperative
margins, curling of leaf extension (1998)

Ca NT Necrosis between veins and chlorosis Chang et al. (2004),
along leaf margins extending between Wissemeier 1993 and
veins in Christmas pattern with curling Arizona Cooperative
of leaf margins and puckering effects Extension (ACE) (1998)

Mg NT Necrosis at the tip and margins of leaves | Brooks (1987) and
forming a hooklike structure at leaf tip Arizona cooperative
and reduction in plant growth extension (1998)

Mn NT Marginal chlorosis and necrosis on Kitano et al. (1997), Wu
leaves, petioles and stems, leaf bronzing, | (1994), Horiguchi (1988)
shortening of internodes, crinkling in and Foy et al. (1978)
youngest leaf; browning of root tips and
root cracking under severe Mn exposure

Fe 10-20 Dark-green, brown or purple foliage, Albano et al. (1996) and
brown spots on leaves, necrotic spots Broschat and Moore
and chlorotic stippling, cupping of (2004)
leaves, bronze speckle, stunted plant
growth, weak stem and delayed
flowering

Cu 20-100 Chlorotic and necrotic spots, yellow and | Neelima and Reddy
purple coloration on the lower side of (2002) and Mahmood and
mid rib, plant growth retardation and Islam (2006)
inhibition of root elongation

Zn 100400 Chlorosis in the younger leaves, which Prasad et al. 1999 and
can extend to older leaves after Romero-Puertas et al.
prolonged exposure, purplish-red (2004)
coloration on leaves and growth stunting

Ni 10-100 Necrosis, uniform interveinal chlorosis Gajewska et al. (2006) and
and yellowish-white discoloration on Ishtiaq and Mahmood
older leaves; reduction in root growth (2012)
and leaf area

Co NT Red-brown discoloration first in the Li et al. (2009) and
veins and later in petioles and stems, Chatterjee and Chatterjee
premature leaf closure; reduction in (2000)
plant growth

Mo NT Chlorosis, marginal leaf scorch, Osman (2012)

abscission, yellowing and browning of
leaves; reduced tillering

(continued)
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Table 10.2 (continued)

Phytotoxic
threshold®

Metals | (ppm) Phytotoxic symptoms References

Al NT Chlorosis, dark-green leaves, purpling Foy et al. (1978) and
of abaxial leaf surface, petiole and stem, | Singh (2005)
yellowing and death of leaf tips, curling
or rolling of young leaves; stunted
growth and delayed plant maturity

Cd 5-30 Chlorosis, necrosis, brown stunted roots | Nawab et al. (2015b) and
and leaf margin, reddish veins and Mohanpuria et al. (2007)
petioles, curled leaves, leaf rolls and
purple coloration of whole plant; growth
inhibition

Pb 30-300 Chlorosis, dark-green leaves, adverse Sharma and Dubey (2005)
effect on growth, inhibits seed and Reddy et al. (2005)
germination, leaf expansion, root and
stem elongation

As 5-20 Red-brown necrotic spots on older Meharg and Macnair
leaves, yellow browning of roots; (1992)
growth reduction

Cr 5-30 Chlorosis in young leaves resulting in Panda and Choudhury
wilting (2005) and Dube et al.

(2004)

Ti NT Stunted growth of plants Singh (2005)

Bi NT Necrosis on foliage; inhibition of radicle | Dayan et al. (1999) and
growth. Galindo et al. (1999)

Hg 1-3 Chlorosis; reduced seedling, root and Patra and Sharma (2000)
shoot growth and Gao et al. (2010)

Si NT Yellow streaked and brittle leaves; Coté-Beaulieu et al.
stunted plant growth (2009)

*Alloway and Ayres (1997); ™ no phytotoxic threshold levels have been established

uptake P from soils as observed by Karlen et al. (1987) in the case of maize/corn (Z.
mays). Rodrigues et al. (2016) showed that accumulation of K in Jatropha curcas
shoot showed a strong correlation with increase in stomatal conductance and tran-
spiration that ultimately cause reductions in water use efficiency and Na* content
under high relative humidity (80.0 %). The study also showed that the supply of K*
in growing medium strongly restricted Na* uptake and transport to the shoot because
of a strong competitive interaction between K* and Na* ions in the growth medium.

10.5.3 Calcium

Calcium is an essential macronutrient which plays a significant role in preserving
the structural and functional integrity of cell membranes, stabilizes cell wall struc-
tures, regulates ion transport as well as controls cell wall enzymatic activities
(Marschner 1995). But excessive Ca uptake by plants may produce phytotoxic
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effects such as necrosis, chlorosis, leaf curling and puckering (Table 10.2). Studies
indicate that higher Ca accumulation in tomato leads to the development of yellow-
ish flecks or gold spots around the calyx and on fruit due to formation of calcium
oxalate crystals (De Kreij et al. 1992). Through a hydroponic experiment, Nichols
and Beardsell (1981) also showed that increase in levels of Ca induced necrotic
spots on leaves and caused reduction in the growth of Grevillea sp.

Addition of CaSO, (gypsum) to the soil plays a significant role in reducing heavy
metal toxicity (Illera et al. 2004), but more than 25.0 % gypsum may cause signifi-
cant reduction in yield of crop plants due to imbalanced K/Ca and Mg/Ca ratios
(Van Alphen and de los Rios Romero F 1971). Hernando et al. (1965) also reported
that higher Ca accumulation caused poor growth of corn at 80.0 % soil moisture in
the field, whereas wheat (Triticum aestivum) growth is reduced when gypsum con-
tent in soil was 25.0 %. Bureau and Roederer (1960) also suggested that crop culti-
vation in the soil of Tunisia with 30.0 % gypsum content may cause toxic effects on
plant growth and development. Smith and Robertson (1962) observed that wheat
grown in soil with higher gypsum input showed wilting during spring time due to
reduced uptake of soil moisture by plants. Explants of Chrysanthemum morifolium,
a medicinal plant treated with different levels of Ca that showed variable callogen-
esis and callus growth, were negatively affected by high levels of Ca due to inhibi-
tion of enzyme activities, magnesium uptake and protein synthesis (Borgatto et al.
2002).

10.5.4 Magnesium

Magnesium is another nutrient essential for plant growth and development. It is a
component of chlorophyll and also plays an important role in plant respiration and
energy metabolism, but becomes toxic when available in excess. In serpentine soil
(soil which is derived from ultramafic rock, have high pH and are rich in Cr, Co, Ni,
Fe and Mg, but deficient in macronutrients such as N, P, K and Ca), Mg phytotoxic-
ity is the most common cause of “serpentine syndrome”, resulting in reduction of
plant’s growth and development due to high Mg/Ca ratio (Brooks 1987). Certain
visible toxic symptoms caused by Mg phytotoxicity are presented in Table 10.2. Oat
(Avena sativa) plant in serpentine soil is more susceptible to Mg toxicity, which is
caused by lowering of Ca uptake in plants due to their antagonistic behaviour.
Even though it is an essential component of chlorophyll, elevated levels of Mg
may impair photosynthesis by inhibiting K* transport from cytosol to stroma and
possibly interfere with Mg homeostasis within the chloroplast (Shaul 2002). Wu
etal. (1991) showed that although Mg is very important for tea plants, but its higher
concentration may adversely affect the growth and development of plants by alter-
ing their metabolic processes. Tea (UPASI-9) plant receiving above 5000 ppm of
Mg supplement in soil showed coppery colour development on the leaf surface, and
plant death occurred under long-term exposure (Venkatesan and Jayaganesh 2010).
Increased concentration of Mg?* in cytosol blocked K* channel across the mem-
brane of chloroplasts, thereby inhibiting H* ion removal from chloroplasts stroma,
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resulting in its acidification which cause oxidative damage to plant cells (Wu et al.
1991). Wilkinson and Ohki (1988) reported that accumulation of Mg in plants
reduced total chlorophyll and carotenoids contents by altering pigment synthetic
pathway. Amino acid contents in plant showed a significant decline under its ele-
vated doses above 1000 ppm due to hindered amino acid transport pathway (Ma
et al. 2005).

10.5.5 Manganese

Manganese is an essential micronutrient for plant’s growth and development but can
be detrimental if available in excessive amounts in soil. There is no regulatory limit
for Mn in agricultural soil, whereas for crop and medicinal plants, permissible lim-
its are 500 ppm (FAO/WHO 2001) and 200 ppm (WHO 1998), respectively. Clark
(1982) reported that excessive Mn in growth medium may interfere with the absorp-
tion, translocation and utilization of other minerals (Ca, Mg, Fe and P) by a plant
which may lead to Mn toxicity (Table 10.2). Common phytotoxic symptoms are
chlorosis (marginal and interveinal), necrotic brown spots as observed on leaves of
Brassica sp., Lactuca sativa, H. vulgdre, G. hirsutum and Tagetes erecta (Bachman
and Miller 1995; Albano et al. 1996; Fiihrs et al. 2008). Kang and Fox (1980)
reported loss of apical dominance and enhanced formation of auxiliary shoots
(witches’ broom) in Vigna unguiculata as symptoms of Mn toxicity.

Maksimovi¢ et al. (2012) reported that Mn at 100 pM concentration caused sig-
nificant reduction in root and shoot biomass of cucumber (Cucumis sativus) as com-
pared to 0.5 pM dose of Mn in the growth medium. Similarly, marked reductions in
the dry weight of plant and leaf area were observed in Oryza sativa, Lolium perenne
and Populus sp. at 583, 150 and 1000 pM of Mn concentrations, respectively (Lidon
and Teixeira 2000; Lei et al. 2007; Mora et al. 2009). Excess Mn in plant tissues
may produce errors during the mitochondrial replication by inducing mitochondrial
mutations and inhibiting total protein synthesis (Foy et al. 1978). In cotton, Mn
toxicity has been associated with increase in the activities of indoleacetic acid oxi-
dase, peroxidase and polyphenol oxidase and reduced catalase, ascorbic acid oxi-
dase and glutathione oxidase activities with lower ATP content and respiration rate
(Morgan et al. 1976). Furthermore, in rice (O. sativa) seedlings under Mn stress,
superoxide radical was increased preferentially in roots, while H,O, content was
found to be increased in shoots.

10.5.6 Iron

Iron is an essential nutrient for all plants with significant biological role in chloro-
phyll biosynthesis and photosynthesis; also it is the most limiting nutrient for plant
growth primarily due to low solubility of oxidized ferric form in aerobic environ-
ment (Guerinot and Yi 1994). No standard maximum allowable limit for Fe in soil
has been recommended because of its abundance in mineral soil; however, the
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expression of Fe toxicity symptoms in leaf tissues may occur under flooded condi-
tions due to reduction of the Fe* to Fe?* (Becker and Asch 2005). Fe is an integral
component of many enzymes and proteins including heme and iron sulphur proteins
(Marschner 1995). For crop and medicinal plants, permissible limits of Fe are 425.5
ppm (FAO/WHO 2001) and 20 ppm (WHO 1998), respectively. Iron phytotoxicity
occurs only when it reaches beyond a threshold level which is characterized by
preliminary symptoms such as necrosis, chlorotic stippling, cupping of leaves,
bronze speckle, stunted growth, weak stem and delayed flowering (Table 10.2).

Iron content in medicinal plants consumed in UAE ranged between 26.96 and
1046.25 mg kg~! (Abou-Arab and Abou Donia 2000). High iron levels often cause
Mn deficiency in plants because of their competitive behaviour. In wheat, root- and
shoot dry weights were found to decrease at 100 ppm Fe concentration in soil
(Fageria and Rabelo 1987). Inhibitory effects of elevated Fe concentration on root
elongation and photosynthetic pigments in Sinapis alba were reported (Fargasova
2001). Kampfenkel et al. (1995) observed brown spots on the leaf surface of
Nicotiana plumbaginifolia and 40.0 % reduction in photosynthetic rate due to foliar
accumulation of Fe. Iron toxicity in soybean (Glycine max) caused reduction in
photosynthesis rate and yield due to increase in oxidative stress and ascorbate per-
oxidase activity (Sinha et al. 1997). Excess Fe leads to free radical production which
alters the cellular structure irreversibly and damages membranes, DNA and protein
structures (de Dorlodot et al. 2005).

10.5.7 Cobalt

Cobalt is a transition element, essential for several enzymes and coenzymes partici-
pating in plant metabolism. The maximum allowable range for Co in agricultural
soil is 20-50 ppm (Kabata-Pendias and Sadurski 2004), whereas, for crop plants,
permissible limit is 50 ppm (FAO/WHO 2001). For medicinal plants, no permissi-
ble limit has been specified. Cobalt affects the growth and metabolism of plants by
different degrees depending upon its concentration and form in the soil. Toxic
effects of Co on morphology include leaf fall, inhibition of greening, discoloured
veins, premature leaf closure and reduced shoot weight. The supranormal doses of
Co in plants have relatively high toxic effects which are mostly reflected in growth
inhibition of plants accompanied by chlorosis of young leaves and other disorders
(Table 10.2).

Phytotoxicity study of Co on crop plants such as barley (Hordeum vulgare), oil-
seed rape (B. napus) and tomato has shown reductions in shoot growth and biomass
(Li et al. 2009). The higher foliar concentration of Co leads to lowering of essential
mineral nutrients and photosynthesis rate and disturbance in the structural integrity
of chloroplasts. High Co concentration (500 ppm) was found to reduce germination
percentage and seedling growth of 7. aestivum with 97.0 and 83.0 % reductions in
root and shoot length, respectively (Gang et al. 2013). Chatterjee and Chatterjee
(2000) reported that excess Co in cauliflower (Brassica oleracea) restricted the
foliar uptake of Fe, P, S, Mn, Zn and Cu, altered the biosynthesis of chlorophyll and
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protein and reduced the catalase activity. Water potential and transpiration rate in
caulifiower were increased significantly, while diffusive resistance and relative
water content increased upon exposure to excess Co (Chatterjee and Chatterjee
2000). Palit et al. (1994) observed that Co affects photosystem (PS-II) by inhibiting
either the reaction centre or components of PS-II. Moreover, in C, and CAM plants,
Co hindered the fixation of CO, by inhibiting the activities of photosynthetic
enzymes. Cobalt acts as a preprophase poison and thus retards the process of karyo-
kinesis and cytokinesis, and higher concentrations of Co may hamper RNA synthe-
sis and decrease DNA and RNA contents probably by modifying the activities of
endo- and exonucleases (Palit et al. 1994).

10.5.8 Nickel

Nickel is an essential micronutrient required for plant normal functioning, but due
to industrial activities, extent of soil contamination with Ni is so high that in some
areas it is causing serious damages to agricultural crops (Frank et al. 1982). For
agricultural soil, maximum allowable range of Ni is 20-60 ppm (Kabata-Pendias
and Sadurski 2004), whereas for crop and medicinal plants, permissible limits are
67 ppm (FAO/WHO 2001) and 1.5 ppm (WHO 2005), respectively. Necrosis, chlo-
rosis, inhibition of seed germination, reduced root and shoot growth, poorly devel-
oped branches, deformed plant parts and abnormal flowering are the common
symptoms when foliar Ni concentration exceeds its phytotoxic threshold level
(Table 10.2).

Ahmad et al. (2011) reported significant reductions in plant biomass, achene
yield and foliar concentrations of essential nutrients (Mn, Zn, Cu and Fe) in sun-
flower (H. annuus), under high Ni concentration. Excessive Ni accumulation in crop
and medicinal plants are reported to inhibit photosynthesis and transpiration rates
(Sheoran et al. 1990). Progressive impairment of photosynthetic machinery coupled
with oxidative damages in Amaranthus paniculatus was observed with increasing
Ni treatment in the solution (Pietrini et al. 2015). Nickel concentration ranging from
0.01 to 10 ppm dry weight is considered essential for plant metabolism, regulation
of lipid content and as an important constituent of enzymes such as urease, hydrog-
enase, superoxide dismutase (SOD) and glyoxalases (Kiipper and Kroneck 2007).
Gajewska et al. (2006) found significant reductions in wheat growth and proline
accumulation along with significant decline in SOD and CAT activities at 200 pM
Ni concentration. Molas (1998) reported significant decreases in number and size of
chloroplasts, grana, thylakoids and plasto globuli in leaves of B. oleracea grown in
soil containing NiSO,.7H,0 (10-20 g m=3).

10.5.9 Copper

It is an essential trace element for all lower as well as higher plants with several
roles in metabolic processes (Narula et al. 2005), but its increased concentration
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may produce toxic effects on plants (Mittler et al. 2004). The maximum allowable
range of Cu for agricultural soil is 60-150 ppm (Kabata-Pendias and Sadurski
2004), whereas permissible limits for crop and medicinal plants are 73.30 ppm
(FAO/WHO 2001) and 10 ppm (WHO 2005), respectively. Chlorosis, necrosis,
purple coloration of midrib and reduction in plant growth are common symptoms
observed due to Cu phytotoxicity (Table 10.2).

Excessive accumulation of Cu in roots caused root system damage (Atanassova
and Zapryanova 2009), photosynthetic inhibition and plasma membrane permeabil-
ity damage (Narula et al. 2005). Khatun et al. (2008) reported reductions in plant
growth parameters, biomass and pigment contents in Withania somnifera above 10
pM of CuS0O,.5H,0 solution, whereas significant decreases in root and shoot bio-
mass were observed in Z. mays treated with 10 pM of Cu. In Solanum nigrum, rela-
tive fresh weight, number of leaves, root and shoot lengths were reduced with
increase in CuSQ, level from 50 to 200 pM (Al-Khateeb and Al-Qwasemeh 2014).
In barley leaves, Cu inhibited pigment synthesis and retarded chlorophyll integra-
tion into photosystems (Caspi et al. 1999). The reduction in pigment contents was
attributed to the interaction of Cu to —SH group of enzymes during chlorophyll
biosynthesis (Nyitrai et al. 2003). High level of Cu interferes with protein forma-
tion, photosynthetic processes and enzyme activities and alters plasma membrane
permeability (Al-Khateeb and Al-Qwasemeh 2014). Ouzounidou et al. (1997)
reported that Cu affects the ultrastructure of meristematic cells, altering the ribo-
somal RNA precursor biosynthesis and thus reducing the wheat growth.

10.5.10 Zinc

It is an important constituent of metalloenzyme and acts as a cofactor for several
enzymes including anhydrases, dehydrogenases, oxidases and peroxidases (Hewitt
1983). It also plays an important role in regulating the nitrogen metabolism, cell
multiplication, auxin synthesis and photosynthesis (Doncheva et al. 2001). The
maximum allowable range of Zn for agricultural soil is 100-300 ppm (Kabata-
Pendias and Sadurski 2004), whereas for crop and medicinal plants, permissible
limits are 99.40 ppm (FAO/WHO 2001) and 50 ppm (WHO 1998), respectively.
General symptoms of Zn phytotoxicity when its concentration exceeds the thresh-
old level are chlorosis, necrosis, wilting, purplish colour patches, stunting of shoot,
curling and rolling of young leaves and death of leaf tips (Table 10.2).

Zn toxicity is reported to cause nutrient (Fe, Mn and Cu) deficiencies in shoot
due to hindered transference of these nutrients from root to shoot of geranium (Lee
et al. 1996). Zinc accumulates to a greater extent in roots than in shoot and hence
interferes with root growth and elongation and thereby limits plant’s uptake of water
and nutrients (Disante et al. 2010). White et al. (1979) reported a 50.0 % reduction
in soybean biomass at 450 ppm Zn concentration, whereas 620-860 ppm of Zn
caused = 20 % reduction in foliar biomass of trifoliate leaves. Disintegration of cell
organelles, disruption of membranes, condensation of chromatin material and
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increase in number of nucleoli were major events observed in pigeon pea (Cajanus
cajan) during Zn toxicity (Sresty and Rao 1999).

10.5.11 Titanium

Although titanium is present in the soil in relatively higher concentrations, majority
of Ti is poorly available for plants, due to the insoluble nature of the form of miner-
als (TiO, or FeTiO;) in water (Dumon and Ernst 1988). Lower concentration of Ti
might participate in plant metabolism as a redox catalyst and has a significant bio-
logical role in plant functioning, but at higher concentrations, deleterious effects on
plant performances such as reduction in growth, yield and nutrient uptake of Zn, Mg
and Fe, alteration in normal physiological functioning and chromosomal aberration
with observed phytotoxic symptoms are reported (Geilmann 1920) (Table 10.2).

Burke et al. (2015) reported no negative effects of TiO, at low concentrations, but
had strong negative effects on plant growth such as reduced root growth and elonga-
tion under elevated Ti concentration in crop and medicinal plants (Boonyanitipong
et al. 2011). Phytotoxic effects on oat biomass at the concentration of 18 ppm Ti in
nutrient solution were observed by Kuzel et al. (2003). Yield in terms of grain
weight in barley was reduced under foliar spray of 18 ppm Ti solution (Tlustos et al
2005). The length of the petiole of strawberries was reduced, and hardness of fruits
was increased under increasing applications of Ti (50, 100 or 150 mg kg~!) (Choi
et al. 2015). Feizi et al (2012) found reductions in plant growth and leaf carbon
content in soybean plants under TiO, treatments. Also, the hydraulic conductivity of
cell wall and diameter of root cell wall pores were reduced from 6.6 to 3.0 nm.
Ghosh et al. (2010) found negative effects of Ti on plant growth, cell elongation and
transpiration. Pakrashi et al. (2014) showed that TiO, nanoparticle is capable of
inducing genotoxicity in plants even at a low concentration (12.5 pg mL™") due to
internalization of particles, resulting in oxidative stress due to ROS generation
which can damage cell structures and DNA. A dose-dependent decrease in the
mitotic index (69 to 21) and increase in chromosomal aberrations, DNA damage
and ROS generation were observed in onion (Allium cepa) root tips treated with Ti
nanoparticles at four different concentrations (12.5, 25, 50, 100 pg mL=") (Pakrashi
et al. 2014).

10.5.12 Lead

Lead is one of the most abundant toxic elements in soil with the half-life of 740—
5900 years (Iimura et al. 1977). Its allowable range in agricultural soil is 20-300
ppm (Kabata-Pendias and Sadurski 2004), whereas permissible limits for crop and
medicinal plants are 0.3 ppm (FAO/WHO 2001) and 10 ppm (WHO 1998), respec-
tively. General symptoms due to Pb toxicity in plants are chlorosis, necrosis, inhibi-
tion of root growth, blackening of root system and underdeveloped shoot (Table
10.2).
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Increase in treatments of Pb from O to 3 mM in aqueous solution is known to
reduced seed germination and biomass in 7. aestivum, with 50.0 % reduction in their
values at 3 mM of Pb (Lamhamdi et al. 2011). Inhibition of seedling growth under
high Pb levels was reported in rice (Mishra and Choudhuri 1999), maize (Matkowski
et al. 2002) and medicinal plants (Street et al. 2007). In Sinapis arvensis, Pb at 1500
pM reduced seed germination and plant biomass by 10.23 and 23.0 %, respectively,
whereas Pb treatments beyond 400 pM showed more than 50.0 % reduction in bio-
mass as well as water content of B. juncea (Zaier et al. 2010). Lead accumulation
beyond its permissible level caused inhibition of leaf expansion, root and stem elon-
gation in A. cepa (Gruenhage and Jager 1985) and H. vulgare (Juwarkar and Sinde
1986). Low amount of Pb (0.005 ppm) has also been reported to cause significant
reduction in the growth of lettuce (L. sativa) and carrot (Daucus carota) roots, pri-
marily due to Pb-induced simulation of indol-3 acetic acid (IAA) oxidation (Barker
1972). Toxicity due to Pb alters photosynthetic and enzymatic activities, water bal-
ance and mineral uptake by the plant, which affects their normal physiological func-
tioning (Sharma and Dubey 2005). A high Pb level in soil induced abnormal plant
morphology such as irregular radial thickening in pea (Pisum sativum) roots, cell
walls of the endodermis and lignification of the cortical parenchyma (Paivoke
1983). High Pb concentrations inhibited the activities of enzymes at cellular level
by reacting with their sulfhydryl groups and induced oxidative stress by increasing
the production of ROS in plants (Reddy et al. 2005).

10.5.13 Cadmium

Ranked seventh amongst top toxins affecting environment and living beings, Cd is
of major environmental concern to agriculture system in the vicinity of industries
because of its longer residence period (>1000 years) in soil (Nazar et al. 2012).
Although Cd is a non-essential metal for medicinal and crop plants, it is an extremely
significant pollutant due to its high toxicity and large solubility in water, resulting in
an easy uptake by plants when grown in soil either supplemented or contaminated
with Cd. For uncontaminated or agricultural soil, allowable range of Cd is 1-5 ppm
(Kabata-Pendias and Sadurski 2004), whereas for crop and medicinal plants, per-
missible limits are 0.2 ppm (FAO/WHO 2001) and 0.3 ppm (WHO 2005), respec-
tively. Cadmium, beyond its phytotoxic thresholds for crop and medicinal plants
cause chlorosis, growth inhibition, leaf rolls and stunting, browning of root tips,
biomass reduction and finally death which are the main and easily visible symptoms
of Cd toxicity when grown in soil containing high levels of Cd (Table 10.2).
Accumulation of Cd in edible plants may cause several physiological, biochemi-
cal and structural changes (Feng et al. 2010). In Rhazya stricta, a traditional medi-
cine used in treatment of diabetes mellitus, skin infections and stomach disorders,
total concentration of Cd was found 9.63 ppm which caused chlorosis and growth
reduction of the plant (Nawab et al. 2015b). In C. sativus, Cd at 5 M concentration
or higher induced Fe(Il) deficiency by inhibiting root Fe(IlI) reductase, which
affects photosynthesis (Alcantara et al. 1994). Cd caused alteration in uptake and
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transport of essential nutrients by plants either by affecting the availability of miner-
als from the soil or by reducing the soil microbial population (Moreno et al. 1999).
Cd toxicity can affect the plasma membrane permeability thereby altering water
balance and stomatal opening in mung bean (Hossain et al. 2010). Fodor et al.
(1995) observed reduced ATPase activity in roots of wheat and sunflower and altered
membrane functionality inducing lipid peroxidation at higher Cd levels. Cd accu-
mulation at 200 pM reduced nitrogen fixation and primary ammonia assimilation in
nodules of soybean plants (Chikile et al. 2013), while 100 mM Cd uptake by mus-
tard and soybean plants inhibited nitrate reductase activity (Balestrasse et al. 2003).

10.5.14 Bismuth

Bismuth exists in number of oxidation states but its trivalent forms (bismuth, bis-
muthinite and bismite) are most stable, abundant and rarely occur alone (Das et al.
2006). Very little is known about the phytotoxic effects of Bi on crop and medicinal
plants due to less information on biocoordination chemistry of Bi(IIT) with proteins,
enzymes and cell membranes. Galindo et al. (1999) observed an inhibition of radi-
cal growth due to heterocyclic Bi compounds with necrotic effects on foliage of
lettuce and cucumber. Similar effects were observed on Sorghum bicolor by
Rimando et al. (1998). Seed germination was inhibited by 50 % in lettuce at 16.1,
34.0and 49.7 uM of different Bi compounds, whereas it was 4.6, 7.5 and 12.4 uM
in Trifolium pratense. Cespedes et al. (2003) reported an inhibition of hypocotyl
growth of L. sativa and T. pratense beyond 15 UM of Bi treatment. Nagata (2015)
showed higher germination rate, total dry weight and root length of Arabidopsis
thaliana under low concentration of Bi; however, these parameters reduced signifi-
cantly above 1.0 uM Bi concentrations.

10.5.15 Arsenic

Arsenic is the most toxic metalloid widely distributed in environment as As(III) and
As(V) which are ubiquitous and toxic to many life forms (Tripathi et al. 2007). The
range of maximum allowable concentration of As for agricultural soil is 15-20 ppm
(Kabata-Pendias and Sadurski 2004), whereas for crop and medicinal plants, per-
missible limits are 1.0 ppm (WHO 1992) and 5.0 ppm (WHO 1998), respectively.
Growth reduction, interveinal necrosis and chlorosis have been reported as easily
visible symptoms due to As phytotoxicity (Table 10.2).

Plants exposed to As undergo severe stress such as growth inhibition, improper
physiological functioning and finally leading to death (Stoeva et al. 2005). It is an
analogue of phosphate (P) and transported across the plasmalemma through phos-
phate transport systems (Smith et al. 2010). Liu et al. (2005) reported a significant
decline in seed germination, biomass production and grain yield with an increase in
As concentrations (0—16 mgL~") in growing medium for six varieties of 7. aestivum.
The straight head disease is a physiological disorder of O. sativa due to As toxicity
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characterized by sterile florets/spikelets leading to reduced grain yield (Smith et al.
2010). Mazumdar et al. (2015) showed significant reductions in shoot length (34.6
%), shoot biomass (27.0 %) and essential oil yield (0.08 %) in Ocimum basilicum
under As stress. Arsenic accumulation in plants caused chloroplast membrane dam-
age, reduced stomatal conductance and interfered with water and essential nutrient
uptake by plant leading to improper functioning of photosynthetic process (Stoeva
and Bineva 2003) and altered plant metabolic activities (Mokgalaka-Matlala et al.
2008). Elevated levels of As in plants thus cause considerable cellular damage
through lipid peroxidation and protein and deoxyribonucleic acid damage (Pitzschke
et al. 2006). In thylakoids, As may create a condition where energy level exceeds
the amounts that can be dissipated by metabolic pathways of chloroplasts; as a
result the electron transport system in the thylakoid membranes is impeded, and
toxic symptoms develop (Stoeva et al. 2003).

10.5.16 Aluminium

Aluminium is a metalloid contributing about 7.0 % of the earth’s crust and exists in
non-reactive state and produces no toxic effects on plants. However, in acidic envi-
ronment, Al turns to soluble forms and readily uptake by plants thus producing
phytotoxic effects with certain visible symptoms such as chlorosis, yellowing, curl-
ing or rolling of young leaves and stunted growth (Table 10.2). Aluminium toxicity
has been considered as a main limiting factor in crop production due to inhibition of
root growth and metabolic alteration in plant cells (Inostroza-Blancheteau et al.
2012). Significant reductions in fresh weights of cotyledons, hypocotyl and radicles
were observed in J. curcas at 2 and 3 mM of Al treatments (Ou-yang et al. 2014). It
alters morphology of root cells, resulting in thick, stunted, brittle and poorly devel-
oped root system thereby affecting nutrient and water uptake (Matsumoto 2000).
Net photosynthetic rate, transpiration rate and stomatal conductance reduced sig-
nificantly under Al stress which could be attributed to significant reductions in
length, width and area of stomata in leaves of Scutellaria baicalensis (YaMin et al.
2011). Greatest cell damage and ROS generation were found in the distal transition
zone in roots of Z. mays and S. bicolor (Sivaguru et al. 2013). Based on previous
report, cell wall is considered a major site of Al accumulation with 85-90 % of total
Al accumulation roots of H. vulgare (Zhu et al. 2013). Higher hemicellulose content
was found in wheat on exposure to 10 puM Al for 6 h (Tabuchi and Matsumoto
2001). Aluminium ions possess higher affinity (560-folds) for phosphatidylcholine
by replacing Ca?*resulting in inhibition of H*-ATPase activity, alteration of mem-
brane fluidity and phospholipid packing (Ahn et al. 2001). Binding of Al to nuclear
materials results in their condensation and inhibition of cell division, nuclear aber-
ration and micronuclear and binuclear cells in H. vulgare (Zhang 1995).
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10.5.17 Molybdenum

Molybdenum is a transition element, which exists in several oxidation states rang-
ing from zero to VI. Mo(VI) form is most commonly found in agricultural soils and
is essential for growth of plants (Bergeaux 1976). The maximum allowable range of
Mo for agricultural soil is 4-10 ppm (Kabata-Pendias and Sadurski 2004), whereas
no permissible limits are specified for crop and medicinal plants. Importance of Mo
in growth and development of higher plants was first shown by Arnon and Stout
(1939). Though required only in small amounts, it has a large role within the plant
system. Molybdenum itself is not biologically active but is rather predominantly
found to be an integral part of an organic pterin complex called the molybdenum
cofactor (MoCo) (Mendel and Hansch 2002). Brenchley (1948) reported that
heavier dressing of molybdate in soil suppressed the growth of plants with an
appearance of golden colour toxic symptoms due to molybdenum poisoning. Mo
toxicity leads to marginal leaf scorch, abscission, yellowing and browning of leaves
and depressed tillering (Table 10.2).

For barley and oats, toxic effects of Mo were observed when it reached 135 and
200 ppm, respectively (Davis et al. 1978; Hunter and Vergnano 1953). Significant
reductions in maize seedling growth (Kovdcs et al. 2015) and grain yield of wheat
and barley (Gupta 1971) were observed in soil containing excessive levels of Mo.
Foliar application of 40 g Mo ha™! at 25 days after plant emergence resulted in
higher reduction in acetylene and nitrate reductase activities in bean (Vieira et al.
1998).

10.5.18 Chromium

This is one of the most common contaminant in soil, water and sediments mainly
due to industrial activities. Amongst its different valance states, Cr (IIT) and Cr (VI)
are most stable and common in terrestrial environment (Kimbrough et al. 1999). In
agricultural soil, 20-500 ppm is a maximum allowable range of Cr (Kabata-Pendias
and Sadurski 2004), whereas permissible limits set by WHO are 2.3 and 1.5 ppm for
crop (FAO/WHO 2001) and medicinal plants (WHO 1998), respectively. It is a non-
essential element which produces toxic effects on plant’s growth and development
as its concentrations reaches beyond the phytotoxic threshold. Phytotoxic effects of
Cr are characterized by reduced plant growth and chlorosis in young leaves fol-
lowed by wilting.

Seed germination is a first physiological process affected by Cr (Peralta et al.
2001). Reductions of 51.1 and 57 % in seed germination of Hibiscus esculentus
(Amin et al. 2013) and sugarcane (Saccharum officinarum) bud germination (Jain
et al. 2000) were observed under 100 and 80 ppm Cr treatments, respectively.
Similarly, seed germination and total plant biomass in different cultivars of 7. aes-
tivum showed significant reductions with increase in concentrations of Cr from 0 to
125 ppm (Datta et al. 2011). Reduced seed germination under Cr stress could be
ascribed to inhibition of amylases and enhancement in protease activities (Zeid
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2001). Elevated Cr accumulation by Vetiveria zizanoides caused reductions in root
length, biomass and essential oil yield (Prasad et al. 2014). Chromium stress affects
photosynthesis in terms of CO, fixation, electron transport, photophosphorylation
and enzyme activities (Clijsters and Van Assche 1985). Higher Cr exposure to
plants may disrupt the defence mechanism by inactivating enzymatic and non-
enzymatic antioxidants (Gwézdz et al. 1997). Chromium stress alters normal plant
metabolism by altering pigment’s production such as chlorophyll and anthocyanin
(Boonyapookana et al. 2002), elevating production of glutathione and ascorbic acid
(Shanker et al. 2005) and by altering metabolic pool to channelize the production
of new metabolites, which either exhibit resistance or tolerance to Cr stress
(Schmfger 2001).

10.5.19 Mercury

Mercury is a rare element, ubiquitously distributed in the environment in trace
amounts in two ionic forms Hg** and Hg* amongst which Hg?* is highly water-
soluble and strongly phytotoxic (Goldwater 1971). In agricultural soil, maximum
allowable range of Hg is 0.5-5 ppm (Kabata-Pendias and Sadurski 2004), whereas
for crop and medicinal plants, its permissible limits are 0.3 (FAO/WHO 2001) and
0.2 ppm (WHO 1998), respectively. Above permissible limit, it produces toxic
effects on human health through crop and medicinal plants leading to contamination
of food chain and causing disease such as “Minamata”. Concentrations of Hg
beyond its phytotoxic levels can induce visible injuries such as chlorosis and reduc-
tion in growth and yield (Table 10.2).

Seed germination of bean showed a significant reduction when exposed to
2-methoxy ethyl mercuric chloride and mercurous chloride (Semu et al 1985). Use
of mercury-based pesticide treatments in agricultural fields caused damaging effects
on wheat crops characterized by hypertrophy of roots and coleoptile of seedlings,
inhibition of cell division in the apical meristem of plumule and extreme cell enlarge-
ment of existing cells (Purdy 1956). These adverse effects of Hg on seed germina-
tion and growth could be attributed to Hg interference with —SH system in living
cells (Sass 1937). Exposure of green gram (Vigna radiata) to Hg caused reductions
in its biomass by 95.0 % with significant inhibition of a- amylase activity (Varshney
1990). Godbold (1991) reported significant reductions in K, Mg and Mn contents in
root due to Hg induced Fe and Ca accumulation. Substitution of Hg in central atom
of chlorophyll is a damaging mechanism thus affecting light and dark photosynthe-
sis (Krupa and Baszymski 1995). An elevated level of Hg uptake by plants can bind
to water channel proteins, thus inducing leaf stomatal closure and physical obstruc-
tion in water flow. Also, anatomical distortion in root and stem structures was
observed at 2.0 mM HgCl, treatment to 7. aestivum (Zhang and Tyerman 1999).
Setia et al. (1994) reported reductions in cell sizes, cell wall thickness and number
of vascular bundles in plants. Vijay et al. (1988) showed marked inhibitions in
amino-transferase and f-amylase activities in H. vulgare at 50 ppm Hg treatment.
Similarly, Mahajan and Dua (1993) showed a significant inhibition in
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endo- B-1-3-glucanase activity in Brassica campestris due to Hg toxicity. Somatic
mutation, inhibition in spindle formation during cell division and chromosomal
aberration were observed in monocot as well as dicot plants under Hg stress (De
Flora et al. 1994). A high level of Hg interferes with mitochondrial activity and
induced oxidative stress by triggering ROS generation which led to disruption of
biomembrane lipids and cellular metabolism in cucumber seedlings (Cargnelutti
et al. 20006).

10.5.20 Silicon

Silicon is the second most abundant element after oxygen both on the surface of the
earth’s crust and in soils in the form of silicic acid at concentrations normally rang-
ing from 0.1 to 0.6 mM (Epstein 1999). Although, Si is not recognized as an essen-
tial element for plant but its beneficial effects on the growth, development, yield and
disease resistance in many crop plants such as maize, rice and some cyperaceous
plants have been observed within certain limits (Liang et al. 2005; Ma and Yamaji
2006).

Like all the metals we discussed above, silica compounds when present in excess
start interfering with the plant’s normal development and defence mechanisms.
Coté-Beaulieu et al. (2009) observed yellow streaks on foliage and brittle leaves of
wheat treated with monomethyl and dimethyl silicic acid followed by a stunted
growth after 10 days of treatments (Table 10.2). Dimethyl silicic acid at 0.1 mM
concentration was found sufficient to reduce growth and development of wheat
plant (Coté-Beaulieu et al. 2009). Reduction in length of third and second leaves of
rice and wheat plants, respectively, was observed at 20 mM of silicic acid which
could be due to the formation of polymer and then changes to gel at higher concen-
tration of Si resulting in later period of Si deficiency (Hossain et al. 2002). It has
been reported that Si promotes cell wall extensibility in the growing zone and
decreased the cell wall extensibility in the basal zone of isolated stellar tissues in the
roots of S. bicolor, implying that Si plays a significant role in enhancing root elon-
gation and protecting the stele by hardening the cell wall of the stele and endoder-
mal tissues (Hattori et al. 2003). Similar observation was made in roots of rice plant
by Hossain et al. (2002).

10.6 Alteration in Plant Community Structure in Response
to Metals from Mining and Metallurgical Industries

During mining and metallurgical activities, significant land areas are degraded, and
existing habitats are replaced by solid wastes such as tailings, slags, red mud and
sludge that contain several metals. Soil is the main terrestrial sink for such toxic and
persistent industrial pollutants, and it cause alteration in the vegetation structure and
physico-chemical properties of the soil (Adriano 2001). These activities are directly
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responsible for destruction of vegetation cover and deterioration of soil quality
(Conesa et al. 2011).

Major visible symptoms of environmental stress due to industrial activities are
changes in vegetation structure which also variably or invariably alters animal com-
munities and threatens the natural biodiversity in the area. Hence, research on
changes in vegetation pattern, structure of plant communities and their dynamics are
useful in assessing the degree of environmental contamination and degradation.
Dutta and Agrawal (2003) observed the plant growth performance, biomass accumu-
lation and net primary productivity (NPP) of some exotic species on wasteland of
coal mining area and observed significant biochemical responses in Eucalyptus
hybrid and Acacia auriculiformis, whereas toxic components of mine spoils absorbed
through the roots of Cassia siamea resulted in its reduced above-ground biomass.
Impact of mining on plant communities in the district of Villa de la Paz was studied
by Espinosa-Reyes et al. (2014) where they observed that the plants in the proximity
of 0.3 km from mining industry were characterized by lower diversity with species
richness of 13 compared to the reference site (10 km from mining industry). The
most polluted sites were dominated by plant species such as Parthenium incanum,
Larrea tridentata, Zaluzania triloba, Jatropha dioica, Dyssodia acerosa, Zinnia ace-
rosa and Bahia absinthifolia (Espinosa-Reyes et al. 2014). Pandey et al. (2014)
showed the effects of coal mining activities on plant community structure where
minimum numbers of herbaceous species (19) were found in both Raniganj and
Jharia coalfields compared to the reference site (Central Institute of Mining and Fuel
Research (CIMFR)). Both the coalfields were dominated by Alternanthera parony-
chioides and Cynodon dactylon, whereas Achyranthes aspera, Convolvulus sp.,
Dichanthium sp., Eclipta alba and Solanum sp. were the most sensitive species pres-
ent only at reference site and completely vanished from coal mining areas. Eragrostis
cynosuroides and Setaria glauca were identified as polluphilic species only found at
coal fields. Pandey et al. (2014) also observed a significant reduction in numbers of
woody species in coal fields, while Butea monosperma, Ficus benghalensis, Ficus
religiosa and Psidium guajava were dominant species. Moreover, canonical corre-
spondence analysis of the study revealed that main drivers of herbaceous community
structure in mining affected areas were soil total organic carbon and nitrogen,
whereas woody layer community was influenced mainly by soil sulphate and phos-
phorus contents. The changes in species diversity indicated an increase in proportion
of resistant herbs and grasses in response to altered soil characteristics due to mining
activities (Pandey et al. 2014). Morrey et al. (1988) performed an analysis of vegeta-
tion composition in relation to physico-chemical variation in soil near metalliferous
mining industry and found that soil pH was a main driving component in determin-
ing the species distribution affecting 51.0 % of floristic variation, whereas 43.8, 19.7
and 44.6 % of floristic variations were influenced by soil concentrations of
phytoavailable Zn, Ca and Pb, respectively.

Koptsik et al. (2003) reported reductions in number, height, diameter at breast
height and crown density of living trees, whereas number of standing dead increased
with decrease in distance from Zn-Cu smelter in the Kola Peninsula, Russia.
Moreover, reductions in the number of plant species from 13 to 5 per 100 m?, plant
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cover from 100 to 20 % and total plant biomass from 1.0 to 0.15 kg m~2 were found
at highly contaminated sites near to Zn-Cu smelter compared to reference site.
Narayan et al. (1994) assessed the vegetation characteristics at different distances
from HINDALCO Industries Ltd., Renukoot, an important aluminium smelter in
India. It was found that important value index (IVI) of sensitive species such as
Achyranthes aspera, Cassia tora and Eclipta alba decreased and those of tolerant
species such as Alternanthera sp., Cynodon sp., Cyprus sp. and Sida sp. increased
with decrease in distance from the industry. Species richness and Shannon-Wiener
index though increased, while concentration of dominance reduced on moving from
1 to 11 km from the industrial premise. A quadrat study of vegetation cover was
carried out by Remon et al. (2005) at solid waste dumps from the iron and steel
industry at Firminy, Loire, France. It was found that 30 plant species belonging to
11 families were present, and most of these species were perennial forbs and grasses
from family Asteraceae and Poaceae. Despite of the taxonomic diversity at that site,
the vegetation cover was not uniform, and, inside each quadrant, the covered ground
surface, the number of taxons and the type of dominant species were highly variable
(Remon et al. 2005).

10.7 Risk of Food Chain Contamination

Soil contamination by anthropogenic activities results in multiparametric conse-
quences on the quality of living beings. Disposal of residues from these industries
has resulted in contamination of surrounding areas thus converting them into land
not suitable for agricultural practice. The productivity of crop and medicinal plants
growing in contaminated agricultural soil or cultivation of these plants in soil
amended with industrial wastes can be reduced due to elevated metal uptake
(Alloway et al. 1990; Pruvot et al. 2006). Solid waste dumps which are naturally
invaded by endemic species pose a potential threat of transfer of toxic metals into
food chain through the accumulation of metals in above-ground plant parts. Amongst
plants with special reference to high added values are medicinal plants which are
commonly consumed in countries like Greece and some Mediterranean regions
which are collected from contaminated sites (Pullaiah 2006). This raises a question
of how safe it is for consumption of crop and medicinal plants collected from such
contaminated areas (Fig. 10.5). Cultivation of edible plants mainly crop and vegeta-
bles for human or livestock consumption on contaminated sites can potentially lead
to uptake, accumulation and biomagnification of toxic metals such as Cd, Pb, Hg,
As, Cr, etc. with a resultant risk to human and animal health leading to serious sys-
temic health issues (Gautam et al. 2016; Sharma and Agrawal 2005).

Zhuang et al. (2009) reported that in Asia’s staple crop “rice”, cultivated in the
vicinity of Dabaoshan Mine, it contained many folds higher Pb (8-folds) and Cd
(6.5-folds) concentrations in comparison to their maximum permissible limit (MPL)
as per national safety standard for milled rice (NPSF 2002). Similarly, in corn grains
grown in the vicinity of Pb-Zn mine, Liaoning, concentrations of Cd and Pb were
found 1.5 and 2 times higher than their MPL, respectively (Gu et al. 2005).



10 Metals from Mining and Metallurgical Industries and Their Toxicological... 255

Not preferred for cultivation on waste Preferred for cultivation on waste
dumps or heavily contaminated site dumps or heavily contaminated site
£ £
High risk of food chain Reduced risk of food chain
contamination contarination
sy Fa-s
Consumable parts: Root, stem, Consumable parts: Essential
Nesves: frats: cil oils from root or shoot parts
- Juits, N
%
\ r' f a L
| Crop plants Perennial plants with medicinal importance

'’

\

13

{
& -
"

SR

Fig. 10.5 Risk of food chain contamination through plants grown either on industrial waste
dumps or meta contaminated soil

Concentration of Cd was assessed in leafy vegetables grown in a village near
Dabaoshan Mine where it was found 2.5 times higher than its MPL in spinach and
3.8 times of MPL in carrot (Zhuang et al. 2009; Hernandez et al. 2003). Ok et al.
(2011) reported 0.90 ppm of Cd accumulation in rice grain, grown in metal-
contaminated paddy field in the vicinity of an abandoned metal mine in South
Korea. Bose and Bhattacharyya (2012) found significantly higher concentration of
Zn, an essential micronutrient in wheat grain grown in JNU and Chattarpur soil
amended with industrial waste. In Bulgaria, large areas of agricultural land in the
vicinity of Zn-Cu smelter (0.8-3 km) are contaminated with heavy metals resulting
in contamination of medicinal plants with several times higher concentrations of
Cd, Pb and Zn than their allowable limits. Also, essential oil yields from sage, basil,
dill, cham, coriander, lemon balm and hyssop plants were increased with increase in
distance from the source (Zheljazkov et al. 2008). Similarly, Angelova et al. (2006)
showed that concentrations of Pb, Cu, Zn and Cd in root, stem and leaves were
manyfolds higher in Mentha piperita, Salvia officinalis and Salvia sclera grown at
0.1 km from non-ferrous metal industry near Plovdiv, Bulgaria, compared to refer-
ence site (15 km from the industrial premise). Linalool content in volatile oil of
sweet basil was found to reduce under concentrations of Cr (10 and 20 ppm), Cd (25
and 50 ppm), Pb (25 and 50 ppm) and Ni (25 and 50 ppm) compared to
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uncontaminated soil (Prasad et al. 2011). Affholder et al. (2013) also assessed the
effects of heavy metals on Rosmarinus officinalis growing in the vicinity of the
former metallurgical industry (1851-1952) compared to the reference site (a subur-
ban area) and found that of the total volatile compounds, more than 50.0 % of com-
pounds in essential oil were reduced significantly in plants grown at contaminated
site. On contrary to this, 15 compounds including alpha pinene, camphene, myr-
cene, limonene, etc. were increased in plants at contaminated soil.

It is clear from the studies that metal accumulation not only cause quantitative
and qualitative changes in yield of economically important plants but also affect
their nutritional qualities. Edible parts from crop plants grown in the vicinity of
industry often contain toxic levels of potentially toxic metals, whereas in case of
medicinal plants, essential oil yield and composition were found less or unaffected
by metal contaminants (Zheljazkov et al. 2008).

10.8 Technological Innovations in Management of Mining
and Metallurgical Solid Wastes

In recent years, almost every country is facing the challenge of managing the huge
quantity of wastes generated from mining and metallurgical industries because of
their accumulation and suitable storage space constraints. Therefore, the wastes are
usually dumped on land, either in wet or dry forms without proper pretreatments
which occupy larger land areas leading to various environmental problems within
and surrounding areas. Disposal of such a huge quantity of waste poses a big chal-
lenge because of lack of their cost-effective management practices. Several techno-
logical innovations on the applications of mining and metallurgical wastes have
been suggested such as manufacture of ceramics, building materials, pigments,
paints, adsorbents and catalysts (Pappu et al. 2007; Wang et al. 2008).

Mining wastes such as Fe, Cu, Zn and Al tailings, coal washeries and overburden
wastes are used as raw materials in the recovery of expensive minerals and manu-
facture of construction materials for embankments of roadways, railways, rivers,
dams, bricks, tiles, lightweight aggregates and fuel (Skarzynskal995). The Pb-Zn
tailings from upper Mississippi Valley mining district were used to prepare foamed
building blocks, concrete beams and tiles, dense silicate bricks and aerated concrete
(Hansen et al. 1968). Dean et al. (1986) also reported the utilization of Cu mill tail-
ings for making building bricks. In the USA, Canada and Britain, mine wastes are
used in manufacturing glasses and ceramics (Jacobi 1975). In India also, mine
wastes are utilized in manufacture of glasses (IBM 2002; Kumar 2000). Metallurgical
wastes such as slags, red mud and galvanizing residues are used in making cement,
bricks, tiles, ceramics, blocks, paints and boards (Skarzynska 1995). Slags from
non-ferrous metal industries are used in improving the strength, morphology and
abrasion resistance of cement, whereas ferroalloy industrial wastes are used in mak-
ing high-strength and lightweight concrete (Bhattacharya et al. 2004). Gorai and
Jana (2003) reported the use of Cu slags in preparing tiles, mine backfill and granu-
lar materials. Similarly, red mud from aluminium industries has been utilized as a
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substitute for ordinary clay for producing bricks, polymer, composites, wood sub-
stitute products, ceramic glazes and in metal recovery (Sglavo et al. 2000; Saxena
and Mishra 2004).

The engineered techniques in management of industrial wastes are although
advanced and highly efficient but are still at their initial stages of development.
Particularly in developing countries like India, these technologies do not offer a
cost-effective option at the moment. Conventional mechanical or physico-chemical
treatments such as excavation, soil washing, solidification/stabilization, electroki-
netic remediation and soil incineration also suffer from limitations like cost ineffec-
tive, require intensive labour, cause irreversible soil disturbances, etc. Therefore,
rehabilitation of industrial waste dumps by revegetation is an environmentally
benign process to safeguard the environment.

The approach of ecological restoration is the most accepted and cost-effective
way to restore the ecological integrity of disturbed land due to mining and metal-
lurgical activities. The goal of restoration is usually to develop a long-term sustain-
able management of residual dumps in industrial areas. It includes the management
of all types of physical, chemical and biological disturbances in soils such as soil
pH, fertility, microbial community and various soil nutrient cycles. Revegetation
and reclamation of waste dumps are extremely difficult, due to physical or chemical
limitations to plant growth and presence of potentially toxic concentrations of heavy
metals in the spoil (Conesa et al. 2011). Such constraints can be resolved by adding
suitable soil amenders such as sawdust, wood residues, sewage sludge and animal
manures, as these amendments stimulate the microbial activities and add up nutri-
ents (N, P, K) and organic carbon to the soil thereby reducing the phytotoxic effects
of metals (Juwarkar and Jambhulkar 2008). Suitable soil amenders or microbial
assisted revegetation minimizes the damages and helps in recovering the waste
dumps by stabilization through development of extensive root systems. Once veg-
etation gets established on waste dumps, it improves soil organic matter and nutrient
status, lower soil bulk density, moderate soil pH and enhances nutrient bioavailabil-
ity in soil (Conesa et al. 2007; Mendez and Maier 2008). For revegetation, it is
necessary to choose drought-resistant, metal-tolerant, fast-growing plants with
dense canopies and root systems (Mendez and Maier 2008). Dutta and Agrawal
(2002) suggested that indigenous plants should be preferred over exotic species for
reclamation of the coal mine spoil dumps because indigenous plants easily fit into a
fully functional ecosystem and adopt climatically also. Annual grasses are consid-
ered as a nurse crop for an early vegetation purpose offering superior tolerance to
drought, low soil nutrients and other climatic stresses. Roots of grasses are fibrous
that can slow erosion, and their soil-forming tendencies eventually produce a layer
of organic soil, stabilize soil, conserve soil moisture and enable them to compete
with weedy species. The initial vegetation cover must be allowed for the develop-
ment of diverse self-sustaining plant communities (Singh et al. 2002; Xiuzhen et al.
2004).

Revegetation is a widely used technique for stabilization of dumps (Singh 1996)
and maintaining ecological equilibrium of mining and metallurgical areas (Jgrgensen
1994). Restoration or reclamation of industrial dumps coupled with
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phytoremediation triggers the stabilization of dumps with further reduced risk of
environmental contamination (Salt et al. 1998). Juwarkar and Jambhulkar (2008)
attempted a phytoremediation of coal mine spoil dumps by using effluent treated
plant sludge, organic amendments and biofertilizer (Rhizobium sp., Azotobacter sp.
and VAM spores) inoculation along with suitable plant species, to improve the
physico-chemical properties of coal mine spoil and to reduce the metal toxicity in
spoil. Microbial inoculation with organic amendments helped in reducing the con-
centrations of heavy metals such as chromium, zinc, copper, iron, manganese, lead,
nickel and cadmium by 41.0, 43.0, 37.0, 37.0, 34.0, 39.0, 37.0 and 40 %, respec-
tively. For the process of phytoremediation, it is preferable to use the plants which
are metallophytes, pseudometallophytes and hyperaccumulators (Meagher 2000) as
these plants have evolved biological mechanism to resist, tolerate and thrive in met-
alliferous soils. They are an optimal choice for restoration of mining and metallurgi-
cal closure for rehabilitation of metal-contaminated sites and underpinning for the
development of environmental technologies such as phytoremediation of metals and
making the substrate favourable for the flourishment of sensitive plant species
(Adams and Lamoureux 2005).

Despite of the fact of human health risk, several researchers recommended many
edible crops for phytoremediation purposes (Gupta et al. 2013). But utilization of
crop plants for phytoremediation does not seem to be an intelligent option because
heavy metals may enter into food chain through consumption by humans and ani-
mals (Vamerali et al. 2010). Contrary to this, many aromatic plants are not being
consumed directly by humans and animals and hence can be grown for the produc-
tion of essential oil, in case oils can strictly qualify the safety limits for toxic con-
taminants as have been shown in some studies (Lal et al. 2013; Zheljazkov et al.
2008). Gupta et al. (2013) also suggested the use of aromatic plants rather than
non-aromatic edible crops for cultivation in metal-polluted land as a sustainable and
environmental-friendly technique.

10.9 Conclusion

Mining and metallurgical industries are crucial for development of any country;
however, wastes generated from these industries pose a threat to human and biologi-
cal welfare. It is evident from several reports that extreme physico-chemical and
biological properties and excessive amounts of metals affect adversely to native as
well as exotic plant species including crop and medicinal plants. Both plant essen-
tial and non-essential metals when exceeding their phytotoxic threshold interfere
with several metabolic processes, causing toxicity to the plants as exhibited by
reduced growth, chlorosis, impaired photosynthesis and finally plant death. As
industrial development continues, sustainable and environmental-friendly ways to
manage these wastes remain a big challenge, but restoration of such polluted sites
by rehabilitation and phytoremediation using native and medicinal plants could be
a sustainable and environmental viable option for better management of these
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wastes. Such studies, however, need to be designed cautiously with utmost care to
prevent any further contamination of food chain or environment.
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