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Abstract  Uranium mill tailings are the crushed rock residues of the uranium extraction
process from ores. The tailings effluent and tailings solids from the mill are discharged as
slurry to a waste retention pond, called tailing pond. Natural radionuclides’ and trace metals
are present in mine tailing/soil in varying concentrations, and some of these are found in
elevated concentrations in uranium waste tailings. Uranium mine tailing ponds at Jaduguda
and Turamdih receive waste from ores mined at the six mine stations at Jharkhand state,
India. A study was undertaken to evaluate the potential of native plant species for the
phytoremediation of these site. Three sampling stations were selected at Jaduguda (TP1,
TP2, TP3) and Turamdih and at the downstream of effluent treatment plant. pH, electrical
conductivity, metals (12-Al, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Cd, Pb) and radionuclides’
(3-Co, Sr and U) were analyzed using inductively coupled plasma mass spectrophotometry.
From the analysis, four elements—Al, Mn, Fe and U—were found to be much higher in
concentration in water with range (mg/kg) of 0.02-2.38, 0.30-31.67, 0.00-0.75 and
0.03-5.50, respectively, and 10 elements—of U, Mn, Al, V, Fe, Ni, Cu, Zn, Co and Se—
were found to be higher in concentrations in soils with range (mg/kg) of 22-99,
1,072-8,065, 14,053-21,213, 66-139, 15,163-44,640, 149-240, 135-350, 89-191, 34-140
and 12-122, respectively. Among them, U and Mn were identified as predominant con-
taminants. Out of all the native plants, 21 species were screened for phytoaccumulation and
transfer factor study. P. digitalis (for Al, V, Ni and Co), E. ferox (for Mn and Cu), A. indica
(for Fe), B. vitisidae (for Zn), P. hydropiper (for Se) and S. spantanium (for U) were
identified for hyper-accumulation, and A. indica (for Al, Co, Se and U), C. bunplandianus
(for Mn, Fe, Ni and Cu), E. ferox (for V) and C. procera (for Zn) were listed for non-
accumulation of respective contaminant. Besides this, taking consideration of the param-
eters such as shallow-rooted plant species, easy to adapt, growth, harvest and biomass
production and simultaneous accumulation of multiple contaminants, following plants were
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found to be candidate species for phytoremediation of tailing ponds of uranium mines: For
hyper-accumulation: P. vittata (can accumulate Al, V, Ni, Co, Se and U simultaneously)
followed by P. digitalis, C. compressus and S. spantanium. For non-accumulation: C.
bunplandianus (can non-accumulate Al, Mn, Fe, Ni, Co, Cu, Zn, Se and U simultaneously)
followed by B. moneri, C. procera and A. indica.

Keywords Water contaminants - Uranium tailing - Metal contamination -
Native plants - Transfer factor - Phytoremediation

1 Introduction

“Nuclear energy is not only cost-effective; it is also a cleaner alternative to fossil fuels”
(Manmohan Singh 2004). Uranium mines in the world usually produce low-grade ores
containing 0.1-0.3 % U308; mines in India having still lower grades of low-grade
(<0.05 % U308) uranium (Sethy et al. 2011; Sarangi 2003). Uranium mining residues from
ore processing operations are characterized by high concentration of radionuclides and toxic
elements. The form in which a metal exists strongly influences its mobility and contami-
nation thus its severe effect on the environment (Mishra et al. 2008). After the waste rock is
removed and the ore is extracted, the ore must be processed to separate the target mineral
from the valueless portion. While the soil in the Jharkhand region has naturally occurring
radionuclides, the uranium mining/milling process extracts and concentrates predominantly
U. Thus, U is much higher in the mined ore and in the milled product, and the final product
produced from the mill, commonly called “yellow cake” (magnesium diuranate or U308
with impurities), is packed and shipped in casks (Sarangi 2003; Shirinian-Orlando 2007).
Waste from uranium mines and mills are in solid, liquid and gaseous forms. Once the
minerals are processed and recovered, the remaining rock becomes another form of mining
waste called tailings which is deposited in pond, i.e., tailing pond.

Uranium milling waste (tailings) containing hazardous contaminants such as radionuc-
lides and heavy metals may be leached into the soil and enter into the environment via
subsequent transport in the aquifer into surface and groundwater consequence of which is
tremendous losses to the environment mainly to ecosystem which can last for decades of
generations (Mishra et al. 2008, 2009). In the process of uranium mine ore, the leachate not
only extracts the uranium itself, but also extracts numerous other elements such as Iron,
vanadium, molybdenum, selenium, lead and arsenic, cadmium, chromium, zinc, copper,
nickel, and manganese (Shirinian-Orlando 2007; Salvarredy-Aranguren et al. 2008).
Besides in such residual, mineral salts, metals and uranium are priority contaminants
worldwide, and therefore, a need for treatment or remediation and the approach that must be
safe for soil and ground water (Cardenas et al. 2008) is important. Protection of air, soil and
water from the hazardous contaminants is of at most priority in the management of uranium
waste. If neglected in any sense, contaminants may leach out of mine waste and release into
the environment which can result in severe destruction of ecosystems (EEB 2000). Initial
and highest goal of the company in mine operation is water and soil protection. Adopting
this ideal-sense ethic will be the only way we can ensure that “the golden dreams of mining
do not turn into the nightmare of poisoned streams” (De Rosa 1997). In the end, radioac-
tively contaminated and toxic elemental scrap, that is mine tailings, are produced, which
have to be disposed. Uranium mill tailings are normally disposed of (dumped) as slurry or
sludge in special ponds or piles called tailing pond, where they are abandoned (Shirinian-
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Orlando 2007). In this regard, Abandonment of uranium mines which were developed in the
1950s and 1960s are examples of major environmental insults (Bastias 1989).

In India, Jadugoda uranium mines at Jharkhand state have the largest Uranium mining and
exploration (Basu et al. 2000; Hiroaki KOIDE 2004; Fig. 1). Uranium Corporation of India
Limited now operates six underground mines and one open pit mine in the state in addition to
an underground mine in Andhra Pradesh (UCIL). It has been the site of extensive mining and
milling of uranium for over 4 decades (Sethy et al. 2011) continuously operating since 1967
and providing the basic raw material for the nuclear power programme of the country
(Sarangi 2003). Uranium mine tailing ponds at Jaduguda and Turamdih receive waste from
ores mined at the six mine stations at Jaduguda, Bhatin, Turamdih, Bagjata, Narwapahar and
Banduhurang (Jharkhand). Smelter only in Jadugoda processes 1,000 tons of ore per day.
Since the ore is of low-grade, milling operations itself result in 99.9 % waste. Roughly 200
tonnes of uranium is produced every year, generating more than 360,000 tonnes of tailings.
Thus, the uranium industry generates large quantities of waste and has increased tremen-
dously as various new mining operations are taking place. Almost the entire mined ore comes
out as a waste after recovery (Singh and Soni 2010). This tailing contains the bulk of decay
products of uranium which are radioactive (Sarangi 2003; Sudhakar and Muralidhar 2008)
and also high proportion of poly-metallic minerals elsevier (Mishra et al. 2009; Wislocka
et al. 2006). Because tailing constitutes substantial amount of acid-generating properties of
pyrite, two types of contaminants tend to leave the solid and migrate to the pore water. These
are the radioactive element (U) and heavy metals (Mn, Pb, Cu, Fe, Zn, Cd, Cr, As Ni and Hg)
present in mine tailing/soil in varying concentrations (Wislocka et al. 2006). Some of these
are found in elevated levels in uranium waste tailings (Mishra et al. 2008; Basu et al. 2000). It
shows that there is a migration of these metals into groundwater (Mishra et al. 2009). The
potential environmental hazards arise when the disposal site is abandoned after decom-
missioning of the uranium mill. Pollution problem may rise if toxic heavy metals are
mobilized into soil solution and are either taken up by plants or transported in drainage water.
The metals may take up either the human food chain through the consumption of such plants.

Usually the contaminated sites are treated with traditional methods like physical,
chemical and thermal processes resembling excavation and transportation. Several
chemical treatments are currently available to treat uranium-contaminated sites, but these
methods require expensive extraction of the soil and exposure of workers to uranium
(Gavrilescu et al. 2009). Traditional physical methods involving removal of 1 m? soil from
a l-acre contaminated site is estimated as US $0.6-2.5 million (McIntyre 2003).

The ideal solution for pollution abatement is therefore “bioremediation” (especially for
uranium mine tailing ponds) and the emerging technology is ‘phytoremediation.” Broadly,
phytoremediation is the use of vegetation for in situ treatment of contaminated soils, sedi-
ments and water. Phytoremediation in its general sense means cleaning of contaminated sites
with appropriate plants which offers not only greater potential to remediate contaminated
sites over conventional and costly methods but also offer means to use ‘green’ sustainable
process (Pulford and Watson 2003; Niu et al. 2007), which generally have a high public
acceptance and can often be carried out on site to remedy contaminated soils, sediments and/
or groundwater (Vidali 2001; Dietz and Schnoor 2001). Except few limiting factors, this
technology has the ability to rejuvenate the contaminated environments effectively. Due to
its approach, it is an environmentally friendly (eco-friendly), safe and cheap way to clean up
contaminants or pollutants; aesthetic advantages; and long-term applicability (Shukla et al.
2010; Schnoor et al. 1995). It is applicable at sites containing organic, nutrient or metal
pollutants that can be accessed by the roots of plants and sequestered, degraded, immobilized
or metabolized in place. In the last few years, a greater understanding has been achieved
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Fig. 1 Map, showing Jharkhand uranium mining network, India

about the uptake and metabolism of organic xenobiotic chemicals by plants, especially
chlorinated solvents, some pesticidesand explosives compounds (Anderson et al. 1993;
Schnoor et al. 1995; Newman et al. 1997; Hughes et al. 1997; Burken and Schnoor 1998;
Thompson et al. 1998; Raskin and Ensley 2000; Terry and Banuelos 2000). This has par-
ticularly been proposed as a promising technique for remediation of U-contaminated soils
(Huang et al. 1998; Zhu and Shaw 2000; Shahandeh et al. 2001).

Recent vegetation programmes on disturbances have begun to emphasize the use of
native vegetation. Soni et al. (1992) made an attempt to revegetate rock phosphate mine
with various native trees, shrubs and grasses. They reported that the mixture of natives has
improved the soil fertility status and productivity capacity of the spoil material besides
favoring the biological invasion of various natural invaders. Munshower (1993) emphasized
that native species were less competitive and can be used in rehabilitation, and the dis-
turbances permit the germination and development of non-seeded species. The development
of ecosystem was accompanied by improvement in soil characteristics. Some species play a
key role in nutrient conservation and were thus important in any rehabilitation programme.

However, Plants contribute to the circulation of heavy metals in the food chain through
their active and passive absorption, accumulation in tissues as well as subsequent grazing
by animals or consumption by humans (Wislocka et al. 2006). And the foreign plants may
not grow or accumulate the contaminants and may have deeper root system that leads to
deeper penetration into the tailing there by severe release of radon gas (IAEA 2004; Gupta
et al. 2003; Smith and Weston 1999). Therefore, the research aim was to investigate the
potential of wild native plant species (which are non-edible to animals and human beings),
growing in the vicinity of Uranium mine tailing ponds in Jaduguda and Turamdih, which
accumulates or absorbs toxic metals and remediate Uranium mine tailing ponds.

2 Materials and methods
2.1 Site description

In India, Jaduguda Uranium mine is located at east longitude of 86°20’ and north latitude of
22°40’ and Turamdih Uranium mine is located at east longitude of 86°09’ and north latitude
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of 22°43’ at 24 km east and 5 km south of Tatanagar railway station, in Jharkhand State,
India (Jha et al. 2000). The details of mining and processing technique are being described
elsewhere (Tripathi et al. 2010; TAEA 1980). In the course of mining to milling, bulk of the
ore processed emerges as tailings (residues from ore processing) and are pumped into a TP.
There are three valley—dam types of TPs at Jaduguda and fourth at Turamdih (Figs. 1, 2)
(22°39'17.70"N and 86°19'43.48"E Google Earth; Hiroaki KOIDE 2004).

The first JTP1) and second (JTP2) stages of the TPs are located adjacent to each other in
a valley with hills on three sides and engineered embankments on downstream side of
natural drainage (Mishra et al. 2008). These two TPs are filled up and now left abandoned,
and second stage TP was completely buried with 30-cm-thick land soil on the top (Singh and
Soni 2010). The third (JTP3) and fourth (TTP at Turamdih) stage of the TPs which are
currently in use were also put up in a similar setting. These two active TPs are filled with
effluent obtained after the ion exchange process of uranium removal and the fine particles
obtained after the secondary filtration of barren liquor. The precipitates settle down in the
TP, and the clear liquid is continuous to decant from abandoned (closed) and active uranium
mine TPs through a series of decantation wells, and the decanted effluent has subsequently
been manifested at various stages to treat through effluent treatment plant (ETP). The
treated AMD found its way into an adjoining natural water source through Gala River and
flowed toward downstream and finally mixing into Subarnarekha River (Mishra et al. 2009).

2.2 Sampling locations and sampling

Disposal of mine tailing wastes by landfill in the form of slurry is the most widely practiced
method in world including India. For the present study, two open landfill JTP & TTP) sites
and the downstream of ETP were selected. Based on accessibility, sampling has been done
from each sampling points in the month of March/April and September/October over a
period of 3 years (2009-2010, 2010-2011 and 2011-2012) in every 4-month intervals.
Samples were collected according to standard methods and analyzed for pH, electrical
conductivity (EC) and chemical parameters (Roy et al. 2007; NEERI 2010). Representative
replicate samples were sampled regularly by random sampling method (Mishra et al. 2008)
in each different sampling point of respective sites (Fig. 2; also details in Table 1;
“Appendix”). Samples away from tailing ponds served as controls. The control samples
were taken only for comparison to find contaminants in study area. Therefore, sampling
was done for controls only in dry season as it is not suitable to sample in rainy or Rabi
season. Samples were collected according to standard methods (books by Jaiswal and
Radojecic 2008; Radojevic and Bashkin 2006) and also according to EPA (Sample Col-
lection Procedures for Radiochemical Analytes in Environmental Matrices EPA 2006).
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Fig. 2 Study site and sampling location map of Jaduguda tailing ponds and ETP. The map of Turamdih

tailing pond is not presented here as it is also in similar setting

Table 1 Sampling locations, matrix collected, sampling time intervals and description of the location

Locations Major sampling point ~ Matrix Time Sampling Description of location
TP Jaduguda TP1 (JTP1) Plant, soil, Quarterly 5 time Abandoned and left openly
water
Jaduguda TP3 (JTP3) Plant, soil, Quarterly 5 time Active and presently in use
water
Turamdih TP (TTP) Plant, soil, Quarterly 5 time Active and presently in use
water
ETP Effluent Treatment Plant, soil, Quarterly 5 time Downstream channel of ETP
Plant outlet stream water
C (Control) Rankini mandir trench  Soil, water March 1 time ~2 km upstream of TP-3
Chatikocha village Soil, water  March 1 time ~ 1 km downstream of TP-3
Bhatin Village Soil, water  March 1 time ~2 km upstream of TP-1

2.3 Sample preparation

All reagents and water used here were of analytical grade. Before collecting the samples,
containers were cleaned by soaking in 2 N HNOj3, rinsed with pure water and then air-dried in
fume hood. After collection, samples were transported to laboratory at Environment Protection
Training and Research Institute (EPTRI) and stored in room and not exposed to light. Water:
Samples of surface water were collected in preconditioned plastic carboys. Using whattman
filter paper (No. 1 filter paper-120 mm @), the samples were filtered and fixed with 2 % (v/v)
conc. 8 N nitric acid for metal analysis (Friel et al. 1990; Giri et al. 2007). Soil: Samples were
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collected in polythene bags at a depth of 25-30 c¢m (from surface). Soil samples were crushed,
mixed thoroughly and air-dried for 5-6 days then dried in hot air oven for 24 h at 65 °C and
finally ground into fine powder to pass through 2-mm sieve (EPA 2006). Plant: The collected
samples were cleaned with tap water (on site) and the root and shoot parts of individual plant
species were separated, weighed (fresh weight) and placed in separate paper bags. In lab, the
samples were again cleaned with distilled water, air-dried and kept at 110 °C for 2 days in hot
air oven and dry weight were taken (Jha et al. 2007). After taking dry weight, the samples were
ground into fine powder with Wiley mill followed by coffee grinder (Kenstar mixer grinder MG
0411) to pass through a 2-mm sieve (Jha et al. 2007; Wislocka et al. 2006).

2.4 Instrumentation and analytical procedure

Water: pH and EC were measured in water before acidification for metal fixation (Following
APHA 4500H and B and 2510B protocols) and kept for elemental analysis. Soil: pH was
measured by adding 50 ml of distilled water to 20-g of air-dried soil and allowed to equilibrate
for 30 min (AOAC SW 846 9040 protocol), and EC was measured by adding 40 ml of distilled
water to 20-g of air-dried soil and allowed to equilibrate for 30 min (SW 846 9050 protocols).
For elemental analysis, 50-mg of soil was taken in Poly Tetra Fluoro Ethylene (PTFE) Teflon
beakers and moistened with few drops of ultra pure water. Then, 10 ml of an acid mixture (7:3:1
HF-HNO;-HCI1O,) was added and swirled thoroughly, covered with lids and kept overnight for
digestion. Next day, the samples were heated at 200 °C for about an hour on a hot plate, the lids
were then removed and the contents were evaporated to incipient dryness until a crystalline
paste was obtained. The remaining residues were then dissolved using 10 ml of 1:1 HNO5:H,O
and kept on hot plate for 10 min at 70 °C to dissolve all suspended particles. One milliliter
(5 pg/ml) of Rhodium (Rh) solution was added to act as an internal standard, and then, the
volume was made up to 250 ml with purified water (18 MQ) and stored in polyethylene bottles
(Roy etal. 2007). Plant: Approximately 0.5 g of the plant samples were accurately weighed and
transferred to a Teflon container. Five milliliters of 65 % HNO; and 1 ml 30 % H,0, were
added. After microwave/hot plate digestion cycle, digested samples were made up to 25 ml
with de ionized water (Sahan et al. 2007). Radionuclide’s (3-Cobalt-Co, Strontium-Sr and
Uranium-U) and metals (12-Aluminum-Al, Vanadium-V, Chromium-Cr, Manganese-Mn,
Iron-Fe, Nickel-Ni, Copper-Cu, Zinc-Zn, Arsenic-As, Selenium-Se, Cadmium-Cd, Lead-Pb) in
water, soil and plant samples were analyzed by Inductively Coupled Plasma Mass Spectrometry
(ICPMS make PerkinElmer Sciex ELAN DRC II)) at the Central Research Facility available at
National Geophysical Research Institute (NGRI), Hyderabad. The international geostandard
certified values of SO-1 for soil (Govindaraju 1994) and NIST for water and plant sample were
used for standard references. Subsequently results were corrected using blanks.

2.5 Determination of transfer factor (TF)

Soil-to-plant transfer factor is one of the important parameters used to estimate the con-
centrations of radionuclides in plants according to a transfer model. The uptake of ra-
dionuclides or elements by plants from the soil is normally described as transfer factor
(TF), i.e., the ratio of concentration of radionuclides or element in plant tissue and soil (in
Bq kg’1 or mg kg™'; Hegde et al. 2004; Dobrin et al. 2006; Abu-Khadra et al. 2008;
Alharbi and El-Taher 2013), and it is represented as below.

B Metal concentration in Plant tissue (Dry weight)
~ Metal concentration in Soil (Dry weight) from where the plant was grown
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The transfer factors vary significantly according to plant properties and soil type (Abu-
Khadra et al. 2008).

2.6 TL (threshold limits)
2.6.1 Definition of threshold limits (TL) for identifying the contaminants

Limits are most usefully defined in terms of the point or range of conditions beyond which
the benefits derived from a natural resource system are judged unacceptable or insufficient
(Haines-Young et al. 2006). There were definite reference standards (CPCB 1986; WHO
2004, 2006; CPHEEO 2009; BIS 1993; USSR 2006; EPA 2009) already available for
water. However, to identify the actual contaminants in the samples, the largest value of
control along with available stands needs to be considered here as threshold limits. For soil,
there were no definite reference standards found. Hence, the greatest value of control and
UCC (2011) was considered here as threshold limit (Table 2).

3 Results and discussion
3.1 Physico-chemical characteristics of water and soil samples

In each sampling intervals, in individual sampling points, the sampling and analysis have
been done following standard methods discussed above. The analysis indicated that water,
soils and plants for all study sites differed significantly with respect to the contents of the
examined elements. The mean concentrations of elements at sampling locations are pre-
sented in “Appendix”.

3.1.1 pH and EC characteristics of water and soil samples

pH: All water samples have shown pH ranging between 5.62 and 7.24. The JTP1 and JTP3
water samples were found to be slightly acidic in nature (pH 5.98 and 5.62). This may be
due to direct discharge of acidic effluent in TP3, and in the course of time by natural process,
the acidity of the pond may decrease and turn it into alkaline. However, the pH of the soil
collected from all the sampling points were more than the pH of the control (Fig. 3a). EC:
All the samples (soil and water) were found to have higher levels of EC and are more than
the permissible limit [(Water: 2,250 pmohs/cm (CPCB); soil: 292.29] (Fig. 3b). The greater
their concentration of ions or elements, the greater the conductivity, and for acidic solution,
the lower the pH, the greater the conductivity. Therefore, it is confirm that the samples have
high concentration of elements or metals. In the present investigation, since the area is low
in organic carbon with pH range of 5.98-7.24 in water and pH range of 6.45-6.93 in soil,
mobility of elements is likely to be greater (Mishra et al. 2009).

3.1.2 Metals characteristics of water and soil samples
3.1.2.1 Water metals characteristics  The water chemical analysis has been done fol-

lowing standard methods. The concentration with decreasing order of elements according
to the control samples in water was identified as follows.

Mn>U>AlI>Sr>Fe>Ni>Cu>7Zn>Co>Se>Pb>Cr>As>V>Cd
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Fig. 3 Average values of pH (a) and EC (b) in water and soil samples collected from different sampling
sites. *PL: Permissible limits in water or threshold limits in soil and water

Average metal concentration of water from tailing ponds and its downstream areas has
shown significant higher concentration levels of four elements—Al, Mn, Sr and U. The
concentrations of other metals are significantly in low. The actual values after subsequent
deduction of TL values were shown to significantly exceeded concentration levels of AL,
Mn and U. The concentration of Al in TP3 was in average 2.8 mg/kg, followed by pipe
(average 0.12 mg/kg) and TTP (average 0.07 mg/kg). Mn in all location (range 0.11 mg/kg
in ETP to saturation in TP3 and ETP) and U in all location (range 0.05 mg/kg in pipe to
4.42 mg/kg in TTP with average of 1.38 mg/kg) showed exceeding concentrations with
respect to the control water and also to the CPCB permissible limits. Mn is showing
elevated levels of concentration in all tailing ponds, i.e., up to the saturation This effect
was due to the excess addition of manganese oxide (MnO2) powder as an oxidizer uranium
process (Mishra et al. 2009; Seidel 1980). The other metals were having very low con-
centration than the TL (Fig. 4).

The decreasing order of concentration of hazardous elements in sampling locations with
reference to the TL is as follows.

TP1 (mg/kg): Mn (5.20) > U (1.48) > Al (0.00) > V (0.0) > Cr (0.0) > Fe (0.0) > Ni
0.0) > Co >

TP3 (mg/kg): Mn (Sturation) > Al (2.80) > U (0.70) >V (0.0) > Cr (0.0) > Fe
(0.0) > Ni (0.0) > Co

TTP (mg/kg): U (4.42) > Mn (1.70) > Al (0.07) > V (0.0) > Cr (0.0) > Fe (0.0) > Ni
(0.0) > Co >

ETP (mg/kg): U (0.24) > Mn (0.11) > Al (0.00) > V (0.0) > Cr (0.0) > Fe (0.0) > Ni
(0.0) > Co >

Pipe (mg/kg): Mn (Sturation) > Al (0.12) > U (0.05) >V (0.0) > Cr (0.0) > Fe
(0.0) > Ni (0.0) > Co

3.1.2.2 Soil metals characteristics ~After appropriate preparation, the soil physicochem-
ical analysis has been done following standard protocol. The concentration with decreasing
order of elements according to the control samples in soil was identified as follows.

Fe >Al>Mn>Cu>Ni>Cr>7Zn>V>U>Co>Sr>Se >Pb>As>Cd

Average metal concentration in tailing ponds and its affected areas shows much higher
concentration levels of seven elements—Al, Mn, Fe, Ni, Cu, Zn and U. The other metals
show significantly in low concentration. The actual values after subsequent deduction of
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TL showed significantly higher concentration levels of certain elements (Fig. 5). The
elements whose concentrations were found to be beyond TL were Mn, Ni and Co (average
7,555, 151 mg/kg and 117 mg/kg, respectively) in TP1; Al, Cr and Se (average 8,685, 19
and 116 mg/kg, respectively) in TP2 samples; V, Zn and Pb (average 79 mg/kg 98 mg/kg,
and 6 mg/kg, respectively) in TP3 samples; Fe and Cu (average 38,225 mg/kg and
281 mg/kg, respectively) in TTP samples, and the concentration of U (average 95 mg/kg)
was found higher in ETP samples. In average in concentrations of Al, Mn, Fe and U in all
locations prominent higher levels were found. The decreasing order of concentration (in
mg/kg) of hazardous elements in sampling locations with reference to the TL is as follows.

TP1 (mg/kg): Fe (32,216) > Mn (7,555) > Al (3,542) > Ni (151) > Co (117) > U
(87) > Cu (72) > Zn

TP2 (mg/kg): Fe (8,749) > Al (8,685)>Mn (562) >Se (116)>Cu (84) > Ni
(75) > V (34) > Cr (19)

TP3 (mg/ke): Fe (33,327) > Al (7,102) > Mn (2,483) > Cu (140) > Ni (128) > Zn
(98) > V (79) > U
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TTP (mg/kg): Fe (38,225) > Al (3,767) > Mn (2,206) > Cu (281) > Ni (80) > Se
(73) > Zn (48) > U

ETP (mg/kg): Fe (27,200) > Mn (3,415) > Al (1,525)>U (95)>Zn (92)>V
(75) > Cu (66) > Ni (60

3.2 Contaminants identified

By comparing the results with control values as well as permissible limits of reference
standards simultaneously discussed above, in the above analysis it must be borne in mind
that elements that exceed their concentrations beyond the threshold limits subsequently
were identifies as contaminants in each sampling location. For the same, we can suspect or
confirm the presence of pollution when the concentrations are higher than the typical
values for soils and water found in literature and exceed the levels present in the nearby
areas. In this study, in order to define the presence of contamination, for soil, the con-
centrations of elements were compared with the normal ranges in control soils (Alloway
1990) and Earth’s crust of upper continent crust (UCC; Turekian and Wedepohl 1961), and
for water, the maximum acceptable levels according to the CPCB, WHO, CPHEEO, BIS,
USSR and EPA which were universal standard should be followed for contaminants
identification and also for the reclamation of contaminated sites.

The elements of mainly geochemical origin, such as V, Cr, Fe, Ni, Co, Cu, Zn, As, Se,
Sr, Cd and Pb are instead present at concentrations lower than the typical values in water
and same was seen for Cr, As, Sr, Cd and Pb in soil samples. This may be due to a
“dilution effect” of the sludge carried by the floods in this area on the native lithogenic
element content (Malandrino et al. 2011). The elemental contamination is high in the soil
samples collected in the core of the site, and it seems to decrease the same in the soil
samples collected at the border of site, where the spontaneous vegetation is present (Prach
et al. 2009).

3.2.1 Water contaminants

Identified based on standards (TL-values) results indicated that mainly three elements—U,
Mn and Al—were identified as major water contaminants in the selected sites (Fig. 6). Al
in TP2 (3.2 mg/kg), Mn in TP1 (7.2 mg/kg), TP2 (10.0 mg/kg) and ETP (10.0 mg/kg) and
U in TP3 (4.4 mg/kg) showed the higher concentration, and it was found that the pattern of
Mn and U were comparable with measured concentrations (Mishra et al. 2009).

3.2.2 Soil contaminants

Identified based on the control (threshold) values, ten elements—Fe, Al, U, Mn, V, Ni, Cu,
Zn, Co and Se have been identified as major contaminants (Fig. 7). Fe (15,163—44,640 mg/
kg), Ni (149-240 mg/kg), Cu (135-350 mg/kg) and U (22-99 mg/kg) in all sites; Al in
TP2 (21,213 mg/kg) and TP3 (19,631 mg/kg); Mn in ETP (3,915 mg/kg); V in TP3
(139 mg/kg) and ETP (135 mg/kg); Zn in TP3 (191 mg/kg) and ETP (184 mg/kg); Co in
TP1 (140 mg/kg); Se in TP2 (122 mg/kg) and TTP (80 mg/kg) showed the higher con-
centration and the pattern of Mn, Pb, Cu, Fe, Zn and U which was comparable with
measured concentrations was found (Mishra et al. 2008).

Samples with high Fe, Al, V, Ni, Cu, Zn, Co and Se concentration may be due to
geochemical origin, aquatic process such as neutralization, precipitation, flocculation as
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well as adsorption occurred in the receiving water (Wang 1999). For the samples with high
Mn and U concentrations, due to technical limitations all of the uranium present in the ore
cannot be extracted. Therefore, the sludge also contains 5-10 % of the uranium initially
present in the ore (Shirinian-Orlando 2007); hence, the index of the contamination related
to uranium mine is uranium (Hiroaki KOIDE 2004). The samples with high Mn concen-
tration may due to addition of manganese dioxide or KMnO, used as oxidant in acid
leaching uranium circuit and also common contaminant in mining process (Mandal and
Sengupta 2005; Mishra et al. 2009; Landa 2003). Therefore, out of ten contaminants
identified above, only two elements U and Mn were considered here as major contaminants
in the selected sites that need to be remedied.

3.3 Plants metal characteristics

From the water and soil analysis, it is found that out of all only 10 elements—Al, Mn, Fe, V,
Ni, Cu, Zn, Co, Se and U—have been identified as contaminants. Therefore, these elements
were selected for plant samples analysis. A total of 21 plant species of about same age
(~1-2 years) were screened for phytoremediation studies. Concentrations of Al, Mn, Fe, V,
Ni, Cu, Zn, Co, Se and U in all the plant species varied considerably across the seven
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sampling intervals in same species and between sites. Plant elemental concentration was
mostly affected by concentration of the same in the soil. However, concentration of Al, Mn,
Fe and Zn were significantly similar apparent in all the plant species, i.e., comparatively
higher concentration. The average concentrations of identified contaminants in plant samples
collected from tailing ponds and its downstream areas were detailed as follows (Table 3).

3.3.1 Identification of plant species for bio-concentrators of identified contaminants

In order to find plant species which concentrate the selected contaminants, all the collected
plant tissue samples initially were analyzed for their elemental concentrations, and based
on the concentration, the plants were screened accordingly. All the selected species were
shorted according their decreasing concentration. Two species with highest concentrations
were identified as bio-concentrator, and two plant species with lowest concentrations were
identified as non-concentrator of the respective contaminant, and the same is presented
below in Table 4.

Of the above, the six plant species namely P. vittata (concentrated with Al, V, Mn, Fe, Ni,
Co and U), V. negundo (Fe, Cu and Zn), C. procera (Al and Se), B. vitisidae (Fe, Cu and Zn),
D. annulatum (Ni and Se) and L. Camera (Zn) from tailing pond and one plant species namely
P. digitalis (Al, V, Mn, Ni, Co and Se) from ETP external channel have been Identified for
multi-elemental concentrators. Among the all plant samples collected, P. vittata and P.
digitalis has shown significant higher concentration of multiple elements (Table 5).

Table 3 Overall metal concentrations in plant samples collected from uranium mine tailing pond and its
affected areas

Plant species Al Mn Fe A% Ni Cu Zn Co Se U

A. conynzoides 18.5 439 38.1 0.1 0.6 4.1 6.1 0.3 0.0 0.6
A. indica 32 61.5 84.6 0.1 0.1 104 25.0 0.1 0.1 0.0
B. moneri 7.2 42.7 8.9 0.0 0.4 0.7 1.1 0.2 0.1 0.3
B. vitisidae 15.0 74.8 103.9 0.1 0.3 17.3 57.7 0.2 0.1 0.6
C. procera 52.5 3.1 717.1 0.3 0.6 0.8 0.9 0.2 0.3 0.2
C. esculenta 11.7 29.7 20.6 0.1 0.3 1.4 43 0.1 0.1 0.2
C. bunplandianus 8.9 4.0 11.1 0.1 0.2 1.1 1.6 0.0 0.1 0.0
C. compressus 43.4 83.7 92.5 0.4 1.2 1.8 3.0 0.3 0.0 0.6
D. annulatum 42.0 91.2 77.6 0.3 2.1 1.9 1.3 0.4 0.2 0.2
Euryle ferox 32.8 28.7 87.8 0.2 0.2 1.5 1.2 0.6 0.1 0.1
H. suaeulance 18.0 40.2 26.1 0.1 0.5 1.3 1.8 0.3 0.0 2.6
L. carnea 6.7 37.4 57.8 0.1 0.3 3.7 17.1 0.0 0.0 0.4
L. camera 12.2 412 74.2 0.1 0.1 6.5 32.7 0.2 0.1 1.1
Paspalidium spp 174 352 22.8 0.1 0.5 1.4 1.7 0.1 0.0 0.2
P. digitalis 48.3 94.7 75.7 0.4 2.7 2.2 32 0.5 0.1 1.0
P. hydropiper 22.6 49.0 19.7 0.3 0.7 1.0 22 0.1 0.0 1.0
Pteris vittata 70.6 197.6 108.6 0.7 1.9 1.1 1.5 0.6 0.1 39
S. spontanium 28.2 29.7 60.3 0.2 0.4 4.0 16.7 0.1 0.1 7.7
S. celearis 30.6 51.8 42.6 0.2 0.8 3.6 2.5 0.2 0.0 0.6
T. latifolia 16.7 94.3 69.1 0.1 0.6 5.7 28.6 0.2 0.0 1.8
V. negundo 4.8 56.2 94.4 0.0 0.1 9.1 51.5 0.0 0.0 0.1
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Table 4 Plant species with their decreasing order of bio-concentration and non-concentration of the
respective contaminants

Contaminants

Bio-concentrator

Non-concentrator

Strong concentrator

Good concentrator

Low concentrator

Non-concentrator

Al Pteris vittata (70.6) C. procera (52.5) V. negundo (4.8) A. indica (3.2)
Mn Pteris vittata (197.6) P. digitalis (94.7) C. bunplandianus (8.9) C. procera (52.5)
Fe Pteris vittata (108.6) B. vitisidae (103.9) C. bunplandianus (11.1) B. moneri (8.9)
\% Pteris vittata (0.7) P. digitalis (0.4) B. moneri (0.0) V. negundo (0.0)
Ni P. digitalis (2.7) D. annulatum (2.1) A. indica (0.1) V. negundo (0.1)
Cu B. vitisidae (17.3) A. indica (10.4) C. procera (0.8) B. moneri (0.7)
Zn B. vitisidae (57.7) V. negundo (51.5) B. moneri (1.1) C. procera (0.9)
Co Pteris vittata (0.6) Euryle ferox (0.6) C. bunplandianus (0.0) V. negundo (0.0)
Se C. procera (0.3) D. annulatum (0.2) A. conynzoides (0.0) V. negundo (0.0)
U S. spontanium (7.7) Pteris vittata (3.9) C. bunplandianus (0.0) A. indica (0.0)

3.3.2 Screening of plants for hyper- and non-accumulation of contaminants

To identify plant species for hyper- or non-accumulator, transfer factor (TF), i.e., the
translocation of contaminants from soil to plant needs to be calculated.

3.4 Determination of transfer factor (TF)

The transfer factor (TF) of contaminants from soil to plants of collected samples was
determined based on dry weight (Hegde et al. 2004; Dobrin et al. 2006). The average metal
TF of plant sample collected are placed in Fig. 8.

It is obvious that the TF of contaminants is nearly the same for each plant species at
different sampling location. On the other hand, the TF of element of the plant increased as
the concentration increased.

A. conyzoides and paspaladium spp., T. Latifolia and V. negundo showed comparatively
the similar TF character for all the contaminants. The other plant species showed varied TF
character, i.e., for example A. indica showed the lowest TF: 0.000 for U to much higher TF:
0.463 for Zn. By comparing with the other species, H. Suaeulance, P. digitalis, P. vittata and
P. hydropiper plants showed relatively high magnitude of TF and B. Moneri, C. Bunplan-
dianum and C. Esculentam plants showed significantly low magnitude of TF. However, in
this study, no clear correlation was found in TF value between any two plant species.

3.4.1 Identification of plant species for hyper- and non-accumulation of contaminants

For a plant to be considered a hyper-accumulator, the plant should typically contain, at
least, a few times more of a metal than that occurs in same plants from non-polluted
environments or other plants grown in the same soil (Zu et al. 2005). Plant species with
high and low TF values for individual metals were screened. The plant species with higher
TF value were considered here as hyper-accumulators, and the plant species with lower TF
value were considered as non-accumulators. In Table 5, it is apparently seen that minimum
22 times accumulation of Cu was seen in E. ferox and maximum 2,295 times accumulation
of U was seen in S. spantanium samples than that in the plant samples of the studied area.
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Table 5 The plant species with higher TF values or accumulator and lower TF value or non-accumulator of
each contaminant with their accumulation grade

Contaminant Hyper-accumulator TF Times Non-accumulator TF

Al P. digitalis 0.004 36 A. indica 0.000
\% P. digitalis 0.126 183 E. ferox 0.001
Mn E. ferox 0.380 320 C. bunplandianus 0.002
Fe A. indica 0.012 75 C. bunplandianus 0.000
Ni P. digitalis 0.015 34 C. bunplandianus 0.000
Co P. digitalis 0.046 465 A. indica 0.000
Cu E. ferox 0.090 22 C. bunplandianus 0.004
Zn B. vitisidae 0.870 118 C. procera 0.007
Se P. hydropiper 0.696 1,118 A. indica 0.001
U S. spantanium 0.334 2,595 A. indica 0.000

3.4.2 Identification of plant species for multi-accumulation and non-accumulation
of contaminants

By seeing simultaneous accumulations of multiple elements, only P. viftata has shown highest
multi-contaminants accumulation, i.e., up to six (hexa grade) elements—AL, V, Ni, Co, Se and
U. Five plant species namely 7. latifolia, D. annulatum, S. celearis, Paspalidium spp. and S.
spantanium showed least or single elemental accumulation, i.e., V, Ni, Co, Se and U, respec-
tively. While seeing in plant species with simultaneous non-accumulation of multiple elements,
only C. bunplandianus has shown highest multi-contaminant non-accumulation, i.e., up to nine
(nona grade) elements—Al, Mn, Fe, Ni, Co, Cu, Zn, Se and U. The same is presented in Table 6.

3.5 Plant species recommended for remediation of uranium tailing ponds

Analysis of results of metals and radionuclides in in situ studies of different plant species
has shown different bio-concentration and accumulation patterns of different identified
contaminants. Besides the above phytoaccumulation studies, TF of identified contaminants
above and also taking into consideration the limits (such as shallow-rooted plant species,
easy to adapt, growth, harvest and biomass production), and simultaneous multiple con-
taminant accumulation, following plant species were found to be the candidate species
each in accumulation and non-accumulation and recommended for phytoremediation of
tailing ponds of uranium mines (Singh and Soni 2009, 2010).

Such as plant species with shallow rooted, adapt, growth and biomass production whether

Table 6 Plant species with simultaneous multi-elemental accumulation and non-accumulation of
contaminants

Parameter Grade Suggested plants Multi-contaminants

Al V Mn Fe Ni Co Cu Zn Se U

Accumulator Hyper P. vittata Al V. - - Ni Co - - Se U
Moderate  C. compressus Al - Mn - Ni Co - - Se -

Non-accumulator C. bunplandianus Al - Mn Fe Ni Co Cu Zn Se U
A. indica Al - - - Ni Co - - Se U

Non B. moneri Al V. - Fe - Co - - - U
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Fig. 9 Quality checking the inter-laboratory (EPTRI lab-E and Lucid lab-L) results for quality assurance

e For hyper-accumulation of contaminants: Among various plants, P. vittata was found
to be the best accumulator of various contaminants mainly the U and Mn along with Al,
V, Ni, Co and Se. This plant showed the maximum accumulation of U (3.89 mg/kg;
TF: 0.087) and Mn (197.62 mg/kg; TF: 0.041) followed by P. digitalis (Al, V, Ni and
Co with the grade of 36, 183, 34 and 465 times more accumulation, respectively), C.
compressus (penta grade accumulation of Al, Mn, Ni, Co and Se) and S. spantanium
(greatest time accumulator of U, i.e., 2,595 times comparatively).

e For non-accumulation of contaminants: Among various plants, C. bunplandianus was
found to be the best non-accumulator of contaminants mainly U and Mn along with Al,
Fe, Ni, Co, Cu, Zn and Se. This plant showed the lowest accumulation of U (0.023 mg/
kg; TF: 0.0002) and Mn (4 mg/kg; 0.002) followed by B. moneri (penta grade non-
accumulation of Al, V, Fe, Co and U), C. procera (even accumulate Al and Fe, it shows
the best in tetra grade non-accumulation of Mn, Cu, Zn and Se) and A. indica (with the
penta grade least accumulation of Al, Ni, Co, Se and U).

3.6 Quality checking of inter-laboratory data

The reproducibility of these procedures was compared to the results of an inter-laboratory
study by digesting and analyzing the reference material (Lucid Laboratories Private Lim-
ited, Hyderabad, India) for quality assurance using the more sensitive technique of ICP-OES
Varian Liberty, and the results presented in Fig. 9 show a comparison of the results. Values
were found to be within 97 & 4 %. It is also compared with the previous works of the study
area and all the results presented here are more or less following to the published works.

4 Conclusion

Trace element concentrations in water and soil or tailing varied widely within and between
sites, and mainly three elements—U, Mn and Al—were found common in water and soil
and other seven elements—Fe, V, Ni, Cu, Zn, Co and Se—in soil exceeded the control
(threshold) values therefore were identified as major contaminants. Samples with high Fe,
Al, V, Ni, Cu, Zn, Co and Se concentrations may due to aquatic or natural process such as
neutralization, precipitation, flocculation as well as adsorption and the samples with high
Mn and U concentration may due to technical limitations in ore processing that all the
uranium present in the ore cannot be extracted and MnO, exclusively used in the process of
leaching the UQOj;. Therefore, of the above six elements, only two elements U and Mn were
identified as major contaminants in the selected sites that need to be remedied.
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In-situ study was performed to know bio-concentration and accumulation (TF) of metals and
radionuclides in native plant species in uranium-mine-tailing ponds. Variability in elemental
concentration and TF has been observed within the same plant species growing under different
physicochemical environment and also different plant species growing under the same envi-
ronment. Bio-concentration and accumulation of elements were found to be more apparent in
some plants species; therefore, hyper-accumulator and non-accumulator were identified.
Highest accumulation of Al, V, Niand Co was seen in P. digitalis, and Mn and Cu accumulation
favoredin E. ferox. The maximum accumulation of Fe, Zn, Se and U was favored in A. indica, B.
vitisidae, P. hydropiper and S. spantanium, respectively. It is also identified that plant species
with multiple elemental accumulators, i.e., P. viffata can accumulate six elements—Al, V, Ni,
Co, Se and U—followed by C. compressus that can accumulate five elements—Al, Mn, Ni, Co
and Se—simultaneously, and so on. Plant species with non-accumulation of contaminants Al,
Co, Se and U was more apparent in A. indica, Mn, Fe, Ni and Cu non-accumulation favoured in
C. bunplandianus and the non-accumulation of V and Zn was seen in E. ferox and C. procera,
respectively. It is also observed that some plants with multi-elemental non-accumulation, i.e.,
C. bunplandianus can non-accumulate of nine elements—Al, Mn, Fe, Ni, Co, Cu, Zn, Se and U
followed by A. indica and B. moneri each can non-accumulate of 5 elements and so on.

However, taking in consideration such as plant species with shallow rooted, adapt,
growth and biomass production and of the entire above criterion, following plant species
were identified each in accumulation and non-accumulation of the identified contaminants
and recommended for phytoremediation of tailing ponds of uranium mines.

e For accumulation of contaminants: P. vittata followed by P. digitalis C. compressus
and S. spantanium

e For non accumulation of contaminants: C. bunplandianus followed by B. moneri, C.
procera and A. indica

Soil characteristics and environmental conditions will affect the metal transfer pro-
cesses. However, there is lack of TF on radionuclides and heavy metals data, and sources
reporting on such adequate TF data are very few. The knowledge of the soil-plant rela-
tionships in contaminated sites is an important issue, but a striking observation was that the
majority of soil-to-plant TF data and phytoremediation studies were reported without
information on bioavailability properties of contaminants. Therefore, further comprehen-
sive bioavailability studies are required to compare those contaminants on the availability
for root uptake and its accumulation by plants, and also greenhouse experiments are needed
to confirm whether the species are accumulators or excluders of the contaminants, only
then the conclusion will be made on bio- or phytoremediation. In this scenario, it is
essential to invade a simple and cost-effective phytoremediation technique that allows the
reduction in metal assimilation from contaminated soils by non-edible indigenous plants.
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