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INTRODUCTION

Water is an essential substance upon which all life depends. Where there is
water there is life and where water is scarce, life has to struggle. Thus water is one of
the precious resources on the earth which is required for the existence of any form of
life. It is flowing on the planet just like the blood in our body which not only carries
nutrients to each living beings but also dilutes and removes the undesired products
from the site of generation to the suitable sink. As per different theories of origin of
life, the first life on planet earth originated in water. For instance the classic “Miller
and Urey” experiment, that was conducted in 1952 at the University of Chicago for
testing the chemical origin of life, clearly demonstrates and supports the Alexander
Oparin and J.B.S. Haldane's hypothesis that water is one of the important inorganic
constituents on the primitive earth that favoured chemical reactions and thus
synthesized organic compounds from their inorganic precursors. Historical evidences
also speak of water’s importance, as all ancient human civilizations evolved near major
river banks viz. Mesopotamian civilization (3200 to 2350 B.C.E.) near Tigris and
Euphrates rivers; Egyptian civilization (3100 to 2660 B.C.E.) along river Nile;
Harappan civilization (3000 to 1500 B.C.E.) in Indus Valley and Chinese civilization
(7000 to 5000 B.C.E.) near Yellow and Yangtze river.

According to UNESCO report on “Water Ethics and Water Resource
Management” (Liu et al. 2011), about 75% of the earth’s surface is covered with
water and has an estimated total global water reserve of about 1400 MM Trillion
litres. However, about 97% of this reserve is in oceans and is thus salty, while only
3% (about 35 MM Trillion litres) is fresh. Of this fresh water reserve, 68.7% is locked
up in glaciers, icecaps and under permanent snow-cover in poles, mountainous
regions and in Greenland; 0.8% exists as permafrost i.e. as soil moisture and about
0.1% is in atmosphere. Of the remaining, about 30.1% exists as groundwater and the
rest (only) 0.3 % as surface water in river systems, lakes and reservoirs. Groundwater
and surface water, which together constitute 30.5% of the freshwater reserves and
about 0.76% of the total water on the planet, are the most easily accessible and the
most used sources of water. Thus, even though three quarters of the earth’s surface is
covered with water; less than 1% of it is available with most of it stored underground
(99%). Thus, it is estimated that annually only about 9000 to 14000 km?® are
economically available for human use (FAO WATER, 2008).



The daily per capita drinking water requirement works out to be around 2 to 4
litres per person while that required for producing a day’s food is around 2000 to
5000 litres per head. This clearly shows that agriculture is by far the largest user of
freshwater and accounts for nearly 70% to 90% (in some countries) of all global
freshwater extractions (Gleick, 2000; FAO, 2002, 2008). Worldwide the major
extractions of water in different sectors constitute Agriculture (70%), Industrial (22%)

and Domestic (8%).

The global population is expanding by 80 million people annually (with a rate
of 1.2% per annum) and is expected to grow further by two billion by 2030 thereby
increasing the demand for freshwater by about 64 billion m® (BCM) a year. As a
result, the water withdrawals have tripled over last 50 years and the potential global
water availability has declined from 12,900 m? per capita per year (1970) to 9,000 m*
(1990) and to 7,000 m® (2000). Climate change, especially in developing countries, is
also expected to impose an additional stress on water quantity (Magadza, 2000;
Kashyap, 2004; Pachauri, 2004). For an increase in temperature of 1°C, agricultural
irrigation demand in arid and semi-arid regions of Asia is estimated to increase by at
least 10% (Liu, 2002). Thus, water under all use categories is becoming scarce.
Presently more than eighty countries, with forty percent of the world’s population are

facing water shortage.

In a developing urban society, about 80 to 90 percent of the urban water
supply to homes, businesses and industries is not consumed by users but is returned to
the urban environment as wastewater (Asano et al., 2007). In the developing world,
the urban population is expected to increase by 1.4 billion or by 54% and in the
lower-income countries the urban population is projected to more than double from
254 million in 2010 to 539 million in 2030. Although reliable data on the extent and
severity of pollution is incomplete, one estimate of UN that the amount of wastewater
produced annually is about 1,500 km®, six times more water than exists in all the
rivers of the world (UN WWAP, 2003). Assuming that 1 litre of wastewater pollutes 8
litres of freshwater; the present burden of pollution may be up to 12,000 km?®
worldwide. Our planet has not been facing such large volume of wastewater generated
and dispersed today than at any other time in the history. Thus disposal of increasing
large volume of sewage wastewater is also a problem of increasing importance

throughout the world.



The existing wastewater treatment facilities are not matching with the
increasing volume of wastewater. An estimate says, currently more than 3300 water
reclamation facilities are working worldwide with varying degrees of treatment and
for various applications: agricultural irrigation, urban landscaping and recreational
uses, industrial cooling and processing, and indirect potable water production such as
groundwater recharge (Aquarec, 2006, FAO, 2010). But most of them are working in
the developed countries like Japan (over 1800), USA (over 800) and Australia (450)
respectively. Beside this, the high number of dysfunctional treatment plants and low
general levels of wastewater treatment in developing countries e.g. about 35% in Asia
and 14% in South America creating extra pressure on suitable treatment of wastewater
(WHO and UNICEF, 2000). As a result, increasing scarcity of freshwater resources is
driving many countries in the arid and semi-arid regions to use marginal quality water
for agriculture (Frolov et al., 2004) and related activities. Where wastewater treatment
services are not provided, the use of wastewater in agriculture actually acts as a low-
cost treatment method, taking advantage of soil’s capacity to naturally remove
contamination. Furthermore, wastewater reuse may reduce fertilizer rates and provide
a low cost source of irrigation water. Both the need to conserve water and to safe and
economically dispose of wastewater make the use of wastewater in agriculture a very
feasible option besides preventing the pollution of streams and lakes, because it closes
the loop between waste disposal and water supply. In India, the use of treated sewage
in irrigation was also emphasised in the Water (Prevention and Control of Pollution)
Act 1974; however, the State Governments have failed to recognize its importance

during the last 37 years.

Worldwide, an estimated 20 million hectares are irrigated with raw or partially
diluted wastewater (Jiménez and Asano, 2008; Scott et al., 2004) which is
approximately 10% of total irrigated land (FAO Wastewater Database, 2009).
However recent FAO report (2010), it is estimated that about 5, 25,000 ha land is
irrigated with reclaimed water. In terms of volume, the use of reclaimed water for
agricultural irrigation has been reported to be over 15 Mm?®/d, in at least 44 countries
(Jiménez and Asano, 2008). Worldwide more than 800 million farmers are engaged in
urban agriculture, of which about 200 million practice markets oriented farming on
open spaces and are often using poor-quality irrigation water when good-quality water

is not available. The 20 countries with largest volume of waste water use in



agriculture (in m*/d) are Mexico (4493000), Egypt (1918000), China (1239000), Syria
(1182000), Spain (932000), USA (911000), Israel (767000), Italy (741000), Saudi
Arabia (595000), Kuwait (432000), Iran (422000), Chile (380000), Jordan (225000),
UAE (200000), Turkey (137000), Argentina (130000), Tunisia (118000), Libya
(110000), Qatar (80000) and Cyprus (68000), (Jimenez and Asano, 2008). Reclaimed
wastewater use in California for crop or landscape irrigation (California State Water
Resources Control Board, 2003) amounts to about 67%; approximately 75% in Israel
(Arlosoroff, 2002); 41 % in Japan and 15% in Tunisia.

In terms of area, India occupies third position in the use of untreated
wastewater for irrigation; after China and Mexico (Scott et al. 2010). However, at
present reliable data on the total land area irrigated with wastewater does not exist.
Strauss and Blumenthal (1990) estimated over 73,000 ha in India are irrigated with
wastewater. Most wastewater irrigation in India occurs along rivers, which flow
through such rapidly growing cities as Delhi, Kolkata, Coimbatore, Hyderabad,
Indore, Kanpur, Patna, Vadodara, Varanasi, Dharward, etc. The area along just one
river Musi, Hyderabad alone covers approximately 40,500 ha, irrigated with
wastewater (Van der Hoek, 2004). So presently the figure on the total area should be
much higher than 73,000 ha. In many parts of the world, treated municipal wastewater
has been successfully used for the irrigation of various crops including agronomic
(Bielorai et al., 1984; Feigin et al., 1984) and horticultural (Neilsen et al., 1989a, b, ¢
and 1991) crops.

At present, at least one-tenth of the world’s population consumes crops
irrigated with untreated or poorly treated wastewater, mostly in developing countries
in Africa, Asia and Latin America (Smit & Nasr, 1992) as it fulfils the need of
irrigation water to resource poor farmers. The average cost of sewage supply has been
estimated to be around Rs. 188/ha/annum (ICID International Workshop on
Wastewater Reuse Management). As compared to the freshwater irrigations,
wastewater use has often been reported to produce higher yields therefore it is
potentially very profitable for farmers. In the Guanajuato river basin in Mexico, 140
ha of land are irrigated with wastewater, which provides local farmers with nutrients
estimated to be worth US$ 135 per hectare per year (Future Harvest, 2001). Further,
in Nagpur (India) irrigation with waste stabilization pond effluents has been reported
to yield 28, 8, 47, 30 and 42 % more wheat, moong beans, rice, potato and cotton,



respectively, than irrigation with freshwater supplimented with fertilizer (Shende et
al., 1985). As a result, farmers in some areas of Pakistan willingly pay US$ 350-940
per year for access to wastewater compared with US$ 170 per year to freshwater
(Ensink, Simmons & van der Hoek, 2004). In Hyderabad and Jaipur (India) too
farmers purchase sewage water at the rate of Rs. 75 and Rs. 400/ha/year, respectively.
However its social acceptability due to bad smell, presence of fecal matter, engine oil,
harmful chemicals and some diseases infections after use like blistering, skin

infection, injury to hands and lower legs and mosquito nuisance is still low.

Land application of domestic waste water is gaining momentum owing to the
fact that land application provides primary, secondary, and tertiary treatment
(Idelovitch and Michael, 1984; Smith and Schroeder, 1985). But, wastewater in soil
has different fate than in water bodies. Soil has a limited capacity to bio-filter. It cause
some affect both in positive & negative ways. The extent of impact depends on the
composition of effluent (depends on the origin & season), quantity used, period of
application, irrigation type, irrigation frequency, way of use (planned or unplanned
use, direct or indirect use, raw or diluted) along with soil type & climatic condition.
The practice of uncontrolled use of undiluted wastewater as it provides nutrients or is
more reliable or cheaper than other water sources (Scott et al., 2004) can pose a threat
to sustainable agriculture, human health and the environment if used for irrigation
without taking certain precautions (Qadir et al., 2007) mainly due to not only the
associated pathogens, but also heavy metals and other undesirable constituents
depending on the source. Farmers, consumers, and some government agencies in
many countries are not fully aware of the potential impacts of irrigation with

wastewater.

Wastewater use in agriculture builds soil organic carbon (SOC) enriches
humic content thereby increasing soil moisture, retaining metals and enhancing
microbial activity. Under aerobic conditions, rate of decomposition of organic matter
in soils is faster and more complete. Thus, wastewater application under controlled
conditions allows biodegradation of hundreds of kilograms of Bio-Chemical Oxygen
Demand (BOD) per hectare per day, with no impact on environment (Bouwer &
Chaney, 1974). However, when BOD concentrations are extremely high (BOD >500
ppm), combined with high total dissolved solids (TDS) levels, it may leads to soil

clogging.



Sodium and other forms of salts are also more persistent in recycled waters
and may increase soil salinity due to their long-term land application particularly in
arid and semi-arid regions. As sodium concentrations increase, the electrophoretic
mobility of the clay platelets increases resulting in swelling dispersion of the clay
particles thus impacting on soil permeability (Halliwell et al., 2001). Along with
sodium, presence of suspended solids (Magesan et al., 2000), nutrients which cause
excess growth of microorganisms in the soil (Magesan et al., 1999) or interaction of
dissolved organic matter with the soil profile (Tarchitzky et al.,, 1999) causes
reduction of hydraulic conductivity of soil. This can impact on the ability of water to
infiltrate into the soil profile and thus, reduce the water availability to irrigated crops.
The salinity of recycled water can thus impact both the soil and the growth of the
crops being irrigated. Concentration of carbonates and bicarbonates above 500 mg/I
can also cause soil deflocculation. Grain crops such as wheat have been observed to
be more resistant to saline irrigation of soils with less decrease in yields over a wide
range of electrical conductivities compared with other more sensitive crops (Katerji et
al., 2003).

Wastewater contains different types of heavy metals like lead, cadmium,
mercury, nickel etc. which are carcinogenic in nature. Some of the harmful impacts of
intake of toxic metals become apparent only after several years of exposure
(Bahemuka and Mubofu, 1999; Ikeda et al., 2000). Some studies are reported that the
consumption of heavy metal contaminated food can deplete some essential nutrients
in the body that are further responsible for decreasing immunological defences,
intrauterine growth retardation, impaired psycho-social faculties, disabilities
associated with malnutrition and high prevalence of upper gastrointestinal cancer rates
(lyengar and Nair, 2000; Turkdogan et al., 2003).

Among the numerous hazardous materials heavy metals are extremely
persistent in the environment, and they are non-biodegradable and non-thermo-
degradable (Cao and Hu, 2000). Long-term use of wastewaters on agricultural lands
often results in the build-up of the elevated levels of heavy metals in arable layer of
soils. Many studies showed that heavy metals in high concentration have a clear
negative impact also on the soil microbial biomass, microbial structure, microbial

diversity, bacterial abundance, various enzyme activities and C and N mineralization,



which can pose serious threats to the stabilization and health of soil ecosystems in the

long term.

Contamination of soils and crops due to wastewater irrigation are widely
reported from different parts of the world e.g. a report says that 45% of wastewater
irrigated areas in China are contaminated with heavy metals at the most serious level.
Not only in China, this problem emerging in several other countries like Germany,
France and India (Ingwersen and Streck, 2006; Dere et al., 2006; Singh and Kumar,
2006). In several studies, it is established that solubility of metals in soils mainly
depends on soil pH and organic carbon (Jopony and Young, 1994; Hough et al., 2003;
Tye et al., 2003). Generally a metal will not be absorbed by the plants unless it first
reaches a threshold concentration in the soil. Metals are bound to soil with pH above
6.5 and high organic matter content. At pH level below this organic matter is
consumed and metals become mobile and can be absorbed by crops and contaminate
water bodies (WHO, 2006). Extent of build-up of metals in waste water-irrigated soils
also depends on the period of its application (Bansal et al., 1992; Palaniswami and
Sree Ramulu, 1994). When the capacity of the soil to retain heavy metals is reduced
due to repeated use of domestic wastewater, soil can release heavy metals into ground
water or soil solution available for plant uptake (Sharma et al., 2007). Cadmium,
copper, molybdenum, nickel and zinc are frequently present in wastewater and can be

mobilized easily and absorbed by plants.

When plants are exposed to excess heavy metals in soil, they exhibit
symptoms of phytotoxicity such as inhibition of seed germination, decreased plant
height, decreased tillering, reduced root growth, decreased shoot growth, leaf
chlorosis and necrosis, decreased chlorophyll metabolism, and lower fruit and grain
yield. Such exposure may also sometimes lead to plant death, as almost all of the
above-mentioned adverse effects of heavy metals on physiological and agronomical
parameters are related to the basic photochemical reactions in plants (Rahman et al.,
2007).

Environmental and human health risks due to wastewater agriculture/ use can
be minimized by suitable treatment of wastewater before use, careful handling, wise
application and proper awareness. However the available technologies, due to their

high capital and maintenance costs, are unaffordable by the developing world. The



processes involved in several conventional treatment systems, except stabilization
ponds, are difficult and costly to operate in developing countries due to their
requirements for high energy, skilled labour and installation/ operation and
maintenance costs (Carr and Strauss, 2001). Thus the developing world is in the need
of such non-conventional low cost and environmentally sustainable treatment
technologies that have lower capital, maintenance and operational costs and could be

operated by less skilled persons.

Non-conventional wastewater treatment methods include the use of low-cost
systems such as on-farm ponds, sedimentation traps, bio sand-filters and constructed
wetlands. Constructed wetlands are complex, integrated systems in which water,
plants, animals, micro-organisms and the environment interact to improve water
quality i.e. driven by natural energies of sun, wind, soil, microorganisms, plants and
animals (Kadlec and Knight, 1996). These are the beds of aquatic macrophytes that
grow in soil, sand or gravel and mainly of three types: surface-flow, horizontal-flow
subsurface and vertical-flow systems. The objective of constructing wetlands is to
duplicate the processes occurring in natural wetlands. Constructed wetlands mimic
nature by mechanically filtering, chemically transforming & biologically consuming
potential pollutants in the wastewater stream. It is able to give secondary to tertiary
level of treated water with minimum cost and energy. A study conducted by Luederitz
et al. (2001) confirmed that constructed wetland is one such sustainable alternative to
treat sewage waters. The results of their study indicated that a semi-centralized
constructed wetland system needs 83% lesser energy than the central mechanical-
biological wastewater system and 72% lesser energy than the large-scale sewage
treatment plant. The constructed wetland system required 76% lesser material input
than a central mechanical-biological wastewater system and 63% lesser material than
a large-scale sewage treatment plant. A similar study was also conducted by Chen et
al. (2008) to compare the cost and efficiency of a vertical subsurface-flow constructed
wetland system with a conventional sewage water treatment system. Their study
confirmed that the cost of wastewater treatment through a vertical subsurface-flow

constructed wetland is much lower than that through a conventional treatment plant.

Wetland systems have shown promise in achieving large reductions in
nutrient/ toxic levels and in coliform bacteria. In fact, constructed wetlands have often

been reported to produce a standard of treatment equivalent to tertiary or advanced



wastewater treatment that is far better than a typical “package plant” or municipal

sewage plant that produces effluent at secondary sewage standards quality (Reed and

Brown, 1995). However, scanning of literature reveals that:

Most of the studies on the wetland treated waste waters have been focussed on
either evaluation of plant treatment efficiency / capacity or on the cost benefit
analysis,

Most of the existing studies lack comparative comprehensive risk of untreated
and treated sewage water use on the soil, crop and consumer health,

Though cereals have a higher contribution in the diet, yet most risk or impact
assessment studies have been focussed on the vegetable crops.

Thus, there are very few studies that can be used for accounting an overall

impact of the wetland treated wastewaters on the quality of soil/ agricultural produce

and hence risk to human health.

One such wetland technology based pilot sewage water treatment plant (of

1500 LPD capacity) is in operation since November 2009, at the sewage plot site of

Indian Agricultural Research Institute (IARI) farmlands. Thus, the main objectives of

the present study were to:

Assess impact of the aforementioned IARI wetland - treated sewage water
applications on the soil of the experimental sewage plot site.

Assess impact of wetland treated sewage water applications on the agricultural
produce from sewage plot site and

Assess comprehensive risk of untreated and treated sewage water use on the

consumer health.
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BACKGROUND

Objective: (1) To assess impact of IARI wetland treated sewage water
applications on the soil of the experimental sewage plot site

Wastewater re-use in agriculture has both positive and negative impacts on
soil. On one hand the nutrient content (N, P, K and micronutrients) and organic matter
increases the soil fertility while on the other hand, excess nutrients, high EC, TDS,
TSS, sodium, heavy metals and pathogenic microbes degrade the soil physical,
chemical, hydrological and biological properties. The extent of impact depends on the
composition of the effluent as influenced by its origin, extent of treatment
(preliminary, primary, secondary or tertiary), quantity of use, period of application,
irrigation frequency, method of irrigation (flooding or ridge-furrow, sprinkler or drip,
surface or subsurface), soil type, climatic condition and usage (i.e. planned or
unplanned, direct or indirect, raw or diluted). Impact on soil also depends on its
texture and clay/ mineral and organic matter content. Keeping all these points in view,
review of global literature revealed the following facts:

Walker and Lin (2008) investigated the long term morphological and
functional changes in the soils of the cropped and the forested lands of the
Pennsylvania State University (USA) that were subjected to wastewater use (about 50
mm/week by spray irrigation) since 1962. The results illustrated an increase in both
organic matter content and soil pH by >1 % and by 1-2 units, respectively since 1971.
A continuous soils saturation and soil transport, was reflected by the distribution of
redoximorphic features and A-horizon thickness across the study area. The depth of
the A-horizon was significantly greater in the depressions, while the midslope
position had the highest manganese oxide coating percentage, and the summit position
had the highest bulk density. The depression areas had the highest mean surface Ksat
(10.2 cm/h), while the summit areas had the lowest mean surface Ksat (1.2 cm/h).
Overall, although soil properties have changed, the wastewater irrigation system

remains functional in this area and the soils are still performing reasonably well.

Bhardwaj et al. (2007) conducted a study in Kibutz Mizra, Israel where an
experimental citrus orchard has been irrigated with freshwater (FW) and treated
wastewater (TWW) for the last 23 years with 7600 m’/ha/yr. With two types of
irrigation systems drip irrigation and micro-sprinklers with the objectives to determine

the effects of long term irrigation with TWW vs. (FW), and drip vs. microsprinkler
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method of irrigation on the saturated hydraulic conductivity (HC) of intact and
repacked soil samples, and their relationship with aggregate stability. Initial HC
values were found in the range of 0.025-0.25 mm/h for the intact cores and 1.5-16
mm/h in the repacked soil columns. In both types of measurement steady state HC
was significantly lower than the initial HC. The value of both Initial HC & steady
state HC was lower in case of TWW over FW irrigated soil. Water quality had a
greater impact when intact cores were used, while method of irrigation had a greater
impact in the case of repacked soil columns. Irrigation water quality and method of
irrigation did not have conclusive effects on aggregate stability.

Coppola, et al. (2004) conducted a study in South Sardinia to provide
experimental evidence of the consequences of urban wastewater reuse in irrigation
practices on the hydrological behaviour of soils. A disturbed layer at the soil surface,
which expands in depth with time, was observed, characterized by reduced soil
porosity, translation of pore size distribution towards narrower pores and consequent
decrease in water retention, hydraulic conductivity and hydrodynamic dispersion.
Resulting, the soil beneath the disturbed layer, a unsaturated conditions developed
means higher residence times of solutes which may affect the solute transport in soils,
as, even of those normally characterized by considerable mobility (e.g. boron), which

may accumulate along the profile.

Mandal et al. (2008) conducted a study in Bet She'an Valley, Israel to compare
the impact on soil hydraulic properties by 3 years of irrigation with treated wastewater
(TWW), the saline-sodic Jordan River water (JRW), moderately saline—sodic spring
water (SPW) and a non-cultivated area (control). The HC values for the TWW
treatment were found similar to, or lower than the control and significantly higher
than those for the JRW treatment. The runoff and soil loss from the TWW treatment
were comparable with the control and significantly lower than those from the JRW
treatment. TWW could have favourable effects on soil structural stability over Saline—
sodic irrigation water, especially in regions with low to moderate rain intensities
and/or use of low intensity irrigation systems.

Jalali et al. (2008) were conducted a soil column study with two soil to assess
the effects of irrigation with wastewater on soil and groundwater quality in Iran. The
average exchangeable sodium percentage (ESP) of the soils was found increased
during leaching from 9 to 21 and 28.8 to 29.7 after applying 5.0 and 3.5 L (about 7
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and 6 pore volumes) of wastewater to the soils columns, respectively. Salinity of the
soils was also increased with the application of wastewater. When the soil columns
were leached with distilled water the flow rate of one soil was decreased to zero after
2.2 pore volume indicating damage to soil structure. The final leached concentrations
showed that irrigation with wastewater increases the rate of soil sodification of
shallow groundwater.

Coronado et al. (2011) conducted a study in Biar (Alicante, SE Spain), with
three treatments: fresh water (control), and treated wastewaters from secondary and
tertiary treatment to evaluate the short-term effects on grape grown soil for 2 years.
They found a slight increase in soil organic carbon content, electrical conductivity
(EC) and available Na content in plots irrigated with the secondary treatment.
Laboratory analysis showed the decrease in aggregate stability for all treatments due
to the wetting and drying cycles associated with each irrigation dose. Changes in
microbial biomass carbon and basal soil respiration were also found.

Heidarpour et al. (2007) investigated the effects of wastewater on soil
chemical properties using two irrigation methods (subsurface irrigation with porous
pipe and surface irrigation) in 2005 at Isfahan, central Iran. The soil EC, Na and Mg
of the first layer of soil (0-15 cm) were found significantly greater with subsurface
irrigation than with surface irrigation. The EC, Ca and Mg of second and third soil
layers irrigated with wastewater were less as compared with groundwater. The
amount of K in the first and second soil layers irrigated with wastewater was
significantly greater than those irrigated with groundwater. There was no significant
effect on soil Na, P and TN due to irrigation with wastewater.

Rattan et al. (2005) conducted a case study to assess the long-term effect of
(untreated) sewage irrigations on the heavy metal content in the soils, plants and
groundwater in the peri-urban agricultural lands under Keshopur Effluent Irrigation
Scheme (KEIS) of Delhi, India. The soil pH was found dropped by 0.4 unit while the
organic carbon content of soil increased from 38 to 79% in sewage-irrigated soils as
compared to tubewell water-irrigated soil. Sewage irrigation for 20 years resulted into
significant build-up of DTPA extractable Zn (208%), Cu (170%), Fe (170%), Ni
(63%) and Pb (29%) in sewage-irrigated soils over adjacent tubewell water irrigated
soils, whereas Mn was depleted by 31%. Soils receiving sewage irrigation for 10
years exhibited significant increase in Zn, Fe, Ni and Pb, while only Fe in soils was
positively affected by sewage irrigation for 5 years. Among these metals, only Zn in
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some samples exceeded the phytotoxicity limit. Even after higher build-up of heavy
metals in bioavailable pools of sewage-irrigated soils had not found any threat by long
term use of sewage effluent but it needs to be monitored periodically to prevent
significant build-up.

Al Omron et al. (2012) also got same type of results in the soils of the date
palm at Al-Hassa Governorate, Saudi Arabia after 13 years of irrigation. The increase
in organic matter content was found from 17% to 30% and the soil pH dropped by 0.3
as a result of sewage irrigation and significant build-up of total concentration of Zn
(130%), Pb (55%), Fe (82%), Ni (84%), Mn (30%), Cu (40%), Cr (75%), Co (78%)
and As (67%) in sewage-irrigated soil samples over adjacent well water-irrigated soil
samples.

Hussain et al. (2010) conducted a survey in Faisalabad, Pakistan where raw
city effluent was used for irrigation from more than 25 years to appraise Cd
concentration in these waters, soil and its uptake by cereal and legume crops as
compared with the tube well and canal water irrigated areas. About 11.0 and 3.7 times
higher Cd was found in wastewater and 248% and 260% higher Cd contents at 0-15
cm depth of soils compared to tube well and canal waters irrigated soils. The highest
wastewater Cd concentration was found 1.4 pg/L at Malkhanwala and maximum AB-
DTPA extractable Cd (0.30 mg/kg & 0.248 mg/kg) was found in soil samples was
collected from 0-15 cm depths at Uchkera and Ghulam Muhammad Abad,
respectively. In all the cases, Cd was within safe limits and about 70% of the metal
was found deposited in upper 30 cm layers.

Saha et al. (2010) conducted a field experiment to evaluate the impact of
domestic sewage water on Vertisol with wheat-soyabean cropping system at Bhopal,
India. About 150 cm of sewage irrigation over a period of 5 years resulted in
significant increases in salinity as well as available fractions of N, P, K, and
micronutrients, viz., Zn, Fe, and Mn in soils. Carbon and phosphorus were
accumulated more in subsoil layer compared to topmost plough layer. Soil
microbiological activity, as indicated by soil respiration, microbial biomass C, as well
as dehydrogenase enzyme activity was found higher in sewage water-irrigated soils.
There was also significant increase in fungal and actinomycetes as well as total
coliform population in the soils. Overall by municipal sewage water irrigation did not

found any appreciable harmful effect on soil quality as well as crop productivity;
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rather, it proved beneficial in improving soil fertility, wheat productivity, and produce
quality.

Singh et al. (2012) conducted an experiment for a year in Nagpur, India by
growing wheat (AKW-1071), Gram (Jacky-9218), Palak (Pusa Jyoti), Methi (Kasuri)
and Berseem (Multicut) with groundwater and domestic wastewater irrigation. By the
use of the domestic waste water it was observed the improvement in the
physicochemical properties of the soil and not found a significant effect apart from,
slight changes in salt solubility and alkalinity on a clay soil.

Chung et al. (2011) conducted a pot experiment in a plastic film house in
Korea to evaluate the translocation and uptake of heavy metals (Pb, Cd, Cu, and Zn)
into brown rice (Oryza sativa L.) and the heavy metals residues in soils by irrigated
with domestic wastewater for a long time (3 years). It was found a slight increase in
the level of Pb, Cd, Cu, and Zn with the range 5.10 £ 0.01, 0.105 + 0.017, 5.76 £ 0.42,
and 23.56 = 1.40 mg/kg, respectively in the domestic wastewater-irrigated soil.
However, the continuous monitoring and pollution control of hazardous materials
from domestic wastewater are needed in order to prevent excessive build-up of heavy
metals in the food chain.

Yan et al. (2008) conducted a study in heavy metals polluted (mainly Cd &
some Zn & Cu) Zhangshi wastewater irrigation area in Shenyang (China), an area
with a 30-year wastewater irrigation history to evaluate the status of heavy metal
pollution and the soil microbial characteristics under long-term heavy metal stress.
Even though wastewater irrigation ceased in 1993, due to heavy metal stress, soil
microbial biomass and soil metabolic quotient (M) decreased, soil metabolic
quotient (qCO2) increased, while soil substrate-induced respiration (SIR),
dehydrogenase activity (DHA), cellulase activity, and culturable microbial
populations did not show persistent responses to the pollution level. The effects of soil
heavy metals were more obvious in spring and summer than in autumn. Soil nutrients,
except for phosphorous, showed positive effects on soil microbial characteristics,
which to a certain degree obscured the adverse effects of soil heavy metals. Soil Cd
contributed more to the soil microbial characteristics, but gM and qCO2 were more
sensitive and showed persistent responses to heavy metals stress.

Zhang et al. (2008) conducted a study in Shandong (China), on an area which
have more than 30 years of sewage irrigation history to evaluate the effect of long

term sewage irrigation on the soil microbial structural & functional characters with
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the methods of Biolog and FAME. It was found that the microbial utilization of
carbon sources in sewage irrigation areas was much higher than that of ground water
irrigation area (control area). Due to sewage irrigation, microbial functional diversity
was found slightly increased by the Biolog analysis; however, the amount of epiphyte
decreased by the FAME analysis. The Cr & Zn contents were showed positively
correlated with the values of Average Well Coloured Development (AWCD) and the
microbial diversity, while Hg content showed negative correlation with the AWCD
and Shannon index. Thus heavy metals in the soil irrigated with sewage had not
reached to the hazardous concentration and gave positive effects on the microbial
community in the soil and improved the soil quality (Soil organic matter, CEC, total
nitrogen and total phosphorus significantly increased) but, a regular monitoring is
necessary because it the changes of soil microorganisms and soil quality with long
term sewage irrigation.

Truu et al. (2009) conducted a study in Kambja (Estonia) to access the effect
of secondary-treated wastewater irrigation on willow coppice soil microbial
parameters. After 2 years, a significant increase had occurred in soil microbial
biomass, respiration and nitrogen mineralization activity (2 times), alkaline
phosphatase activity, soil potassium conc. & organic matter content and in upper 10
cm soil while not significant increase observed in potential nitrification, acid
phosphatase activity and microbial community metabolic activity.

From the co-effect of municipal wastewater and willow plants on soil microbial
community is positive & promote the wastewater purification processes.

Yadav et al. (2002) conducted a study in Kurukshetra, Haryana (India) to
access the impact of about three decades of irrigation with domestic sewage effluent
on alluvial soil & their effects on the composition of crops and ground waters. They
were found build up in total N was up to 2908 kg/ha, available P (58 kg/ha), total P
(2115 kg/ha), available K (305 kg/ha) and total K (4712 kg/ha) in surface 0.15 m soil
and also organic matter (1.24-1.78%). Traces of NO3—-N (up to 2.8 mg/l), Pb (up to
0.35 mg/l) and Mn (up to 0.23 mg/l) could also be observed in well waters near the
disposal point which indicating the initiation of ground water contamination. Though
Long-term irrigation with sewage water adds large amounts of carbon, major and
micro- nutrients to the soil but there is a need for continuous monitoring of the

concentrations of potentially toxic elements in soil, plants and ground water.
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Gupta et al. (2009) found 83.3% of raw wastewater, 68.2% of treated
wastewater, 68.6% of soil of the collected soil samples was contaminated with
intestinal helminth ova in the wastewater-irrigated area of Titagarh, Kolkata (India)
which contaminates the growing vegetables like 44.2% of vegetables in the study area
were found to be positive for helminth ova.

Mandal et al. (2008a) conducted an experiment in a cotton field of the Bet
She'an region, Israel, to assess the impact of irrigation water quality on soil quality.
After irrigatingthe field with Jordan river-water, Spring-water, Treated wastewater,
and Salty Spring-water, applied via drip irrigation to a calcareous silty clay soil for 3
years. Soil quality indices (SQI) were calculated using a Principal component analysis
(PCA) weighting factor and each minimum data set (MDS) indicator scored using
linear transformation. The SQI was found for uncultivated soil (2.945), Treated
Wastewater (1.471), Spring Water (0.923), Salty Spring water (0.823) and Jordan
River water (0.582) irrigated soils and Treated Wastewater were considered as the
best, irrigation treatment for soil quality.

Singer & Eshel (2003) conducted a field study to determine the distribution
and amount of soil inorganic carbon was changed by the application of treated
effluent for irrigation, compared to fresh-water irrigated soils in Bakersfield,
California, that had received varying amounts of treated effluent for 70 years. Total
carbonate content and clay-size carbonate was found more abundant at sites irrigated
with treated effluent (1172 Mg/ha at 2-4 m depth) than at sites irrigated with fresh
water (8.7 Mg/ha at 2-4 m depth), indicating that effluent had increased carbonate
precipitation. The analysis of isotopes carbon and oxygen indicated that these
carbonates were pedogenic in nature & **C dating of the carbonates indicated that at
the shallow depth, the carbonates were younger compared to deeper in the soil profile.
Thus increase soil inorganic carbon sequestration in arid and semiarid region soils and
act as another method for balancing the increase in CO; in the atmosphere from

anthropogenic activity.

Jouzdan et al. (2007) conducted a lysimeter experiment cultivated with crops
& vegetables with treated urban effluent in Nashabia, Syria. A moderate increase of

heavy metals (As, Cd, Cr and Pb) mainly in upper 0-45 cm soil depth was observed.

Kalavrouziotis et al. (2008) conducted a greenhouse experiment in Agrinion,
Greece, to assess the effect of treated municipal wastewater (TMWW), compared to
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the ordinary irrigation water in Broccoli and Brussels sprouts plants, as well as on the
physical and chemical properties of the clay loam soil. They got significant increase
in some macro- and microelements in the Broccoli soil P (18.36-41.16 mg/kg), Zn
(3.61-4.64 mg/kg), and Cd (0.065-1.20 mg/kg), while in Brussels sprouts soil P
(20.6-36.32 mg/kg), Zn (2.87-4.83 mg/kg) and Cd (0.06-1.45 mg/kg) but the
concentrations of most of them were generally within the accepted critical levels,
except for P and Zn and Cd.

Yoon & Kwun (2001) conducted a study in an experimental field at Konkuk
University in Seoul, Korea, to examine the effect of reed grown constructed wetland
treated sewage irrigation on paddy and its soil. The pH of initial slight acidic soil was
increased & reached close to neutral. The electrical conductivity after the first year
experiment decreased compared to the initial condition, but increased after the second
year. This implies that continuous irrigation of treated sewage could cause salt
accumulation in the soil. The cation exchange capacity, soil organic matter content,
total nitrogen and total phosphorus concentrations was fairly constant and available
phosphorus decreased. The paddy soil was not generally affected, although there was
an indication of salt accumulation in the field irrigated with treated sewage.

Feizi (2001) conducted a study in Isfahan, Iran where treated wastewater was
used for irrigation for growing cereals & vegetables from about 8 years. The soil
concentration of Zn, Mn, Cu and Fe in soil was found higher in fields irrigated with
effluent, with Mn and Zn more significant.

Surdyk et al. (2010) irrigated their potato farm with wastewater treated using a
conventional sand filter treatment and a sand filter combined with a specific filter for
heavy metal removal for three years in Belgrade, Serbia. The soil contents in
inorganic elements at the end of the three irrigation years were got similar to the
initial state. They concluded that appropriately treated low quality waters with high
heavy metal contents can be used for irrigation over several years without significant
degradation of soil and produces.

Hulugalle et al. (2004) conducted a study by irrigating wheat-cotton field with
treated sewage effluent Narrabri, Australia. The Irrigation with treated sewage
effluent caused large increases in nitrate-N, small increases in exchangeable Mg, Na
and K, and small decreases in SOC. Salinity increased only in the 0.1-0.6 m depth.
Application of 2.5 t/ha of gypsum were also added resulting lower nitrate-N

accumulation but did not affect any other soil property or deep drainage.
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Parvan and Danesh (2009) were investigated the long-term effects of irrigation
with treated wastewater on some chemical soil properties by comparing the two fields
one irrigated with the effluent from Parkandabad wastewater treatment plant and the
other one irrigated with well water over a period of six years in Iran. The results
indicated that chlorine was increased significantly, in all depths (0-25, 25-50, 50-100,
100-150 and 150-200 cm) while exchangeable potassium, magnesium and
phosphorous was increased significantly only in the top soil layer (0-25) and calcium
content was increased up to depth of 50 cm. Irrigation with the treated wastewater
increased soil Sodium content in all depths except for the depth of 100-150 cm but did
not affect the soil nitrogen content significantly.

Mojiri (2011) carried out a greenhouse experiment to investigate the effects of
municipal wastewater treatments on physical and chemical properties of saline soil
Isfahan province (Iran) by irrigating with 100 ml, 200 ml and 300 ml of wastewater
every day and a control having no wastewater irrigation. Soil irrigated with
wastewater caused increase of EC, P, OM, TN, K, Na, CI, Fe, Cd and Zn but it caused
a decrease in soil pH. This result showed that soil irrigated with wastewater caused a
decreased of Bulk density.

Magdaleno et al. (2011) investigated the concentration of heavy metals in
agricultural soils and wastewater used for irrigation in plots of Mixquiahuala, Hidalgo
having 80 years of irrigation history. In the wastewater the concentration of As, Cd,
Hg, Ni, Cr and Zn was found within while the Pb concentration exceeded the
maximum permissible limits in 40% of water samples analyzed while based on the
limits established in Spain the concentrations of As, Ni and Cd exceeded permissible
levels in 20, 60 and 60% respectively, of the samples analyzed. The concentration of
extractable metals in agricultural soils was found in the following order: Pb > Ni > Cd

> As > Cr > Hg.

Objective: (2) To assess impact of wetland treated sewage water applications on
the agricultural produce from sewage plot site

Plants growth and yield are also affected by the presence of excess salts, heavy
metals and pathogenic microbes in the wastewater. The excess specific ions like
sodium, boron, chloride may cause phytotoxicity.

Irrigation water containing large amounts of sodium is absorbed by plant roots

and transported to the leaves where it can accumulate and cause injury or may also
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absorbed directly by plant leaves (in sprinkler irrigation) and will produce harmful
effects.

The high chloride moves readily with the soil-water and taken up by the crop
and accumulates in the leaves and may develop injury symptoms such as leaf burn or
drying of leaf tissue first at the leaf tips (which is common for chloride toxicity), and
progresses from the tip back along the edges as severity increases. Excessive necrosis
(dead tissue) is often accompanied by early leaf drop or defoliation. The typical
visible symptom of B toxicity is leaf burn chlorotic and/or necrotic patches, often at
the margins and tips of older leaves (Bennett, 1993; Bergmann, 1992; Eaton, 1944).
Plants are exposed to excess heavy metals in soil may accumulate and contaminate
plant tissue or may also exhibit symptoms of phytotoxicity such as inhibition of seed
germination, decreased plant height, decreased tillering, reduced root growth,
decreased shoot growth, leaf chlorosis and necrosis, decreased chlorophyll
metabolism, and lower fruit and grain yield. Such exposure may also sometimes lead
to plant death. The estimated phytotoxic concentration of heavy metals in irrigation
water are for Zn (2000 pg/L), Cu (200 pg/L), Fe (5000 pg/L), Mn (200 ug/L), Ni
(200 pg/L), Pb (5000 pg/L) and Cd (10 pg/L), respectively (Pescod, 1992). The
pathogenic microbes like nematodes may damage the plant parts or act as plant
disease vector. The different studies done to assess the impact by wastewater use on
different plants and in different plant parts are as follows:

Rattan et al. (2005) conducted a case study to assess the long-term effect of
(untreated) sewage irrigations on the heavy metal content in the soils, plants (Cereals
vegetables, fodder including paddy & wheat) and groundwater in the peri-urban
agricultural lands under Keshopur Effluent Irrigation Scheme (KEIS) of Delhi, India.
Along with soil they got significant accumulation of metal, in different agricultural
produce. Rice grain accumulated much higher amount of Zn and Cu and a slight in Ni
while their straw accumulated almost two times more Ni produced with sewage water
over that of tubewell water irrigation. Wheat had elevated contents of Zn, Cu, Fe, Mn
and Ni, Sorghum accumulated higher amount of Fe, Cu and Ni, Spinach accumulated
higher amount of Zn, Cu and Ni, Maize showed higher accumulation of all the
elements on sewage effluent irrigated soils. Similar trends were observed in gobhi
sarson and oats with only exception of Mn. Cadmium & lead contents in tissues of all
the crops were got below the detection limits. Concentration of metals in all the crops
grown on sewage irrigated soils was below the level of phytotoxicity except Fe
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contents in sorghum, maize, spinach, cucumber and Egyptian clover exceeded the
phytotoxicity limit (>500 mg/kg).

The accumulation of heavy metals in dry matter content of rice grain & their
straw, grown on the sewage irrigated soil was reported as follows: Zn (49.6 & 58.9
mg/kg), Cu (51.6 & 57.2 mg/kg), Fe (122 & 233 mg/kg), Mn (53.3 & 208 mg/kg) &
Ni (10.1& 10.4 mg/kg) while on tubewell irrigated soil Zn (29.6 & 61.9 mg/kg), Cu
(23.0 & 59.8 mg/kg), Fe (186 & 202 mg/kg), Mn (88.1 & 229 mg/kg) & Ni ( 9.85 &
5.27 mg/kg), respectively.

The accumulation of metals in dry matter content of wheat grain grown on
sewage irrigated soil was Zn (65.3 mg/kg), Cu (9.39 mg/kg), Fe (404 mg/kg), Mn
(15.3 mg/kg) & Ni (20.0 mg/kg) while on tubewell water irrigated grain Zn (47.5
mg/kg), Cu (7.45 mg/kg), Fe (336 mg/kg), Mn (13.6 mg/kg) & Ni (19.7 mg/kg). Thus
wheat had elevated content of all metals (Zn, Cu, Fe, Mn and Ni) compared to
tubewell irrigation.

Jouzdan et al. (2007) conducted a lysimeter experiment cultivated with crops
& vegetables with groundwater, untreated & treated urban effluent in Nashabia, Syria.
The heavy metals (As, Cd, Cr and Pb) increased in fruits and leaves of the studied
vegetables (Eggplant and Lettuce), as well as in the grain and straw of field crops
(wheat and corn) grown by urban sewage treated effluent on lysimeter. The
concentrations of Pb, Cr, Cd and As in plant tissues were found higher in the
treatments irrigated with urban untreated effluents > treated > groundwater, in all
plant tissues. The Cr concentration was higher than the normal concentration in
Eggplant (green cover) but not in fruits for both treated and untreated effluent and
within toxicity limit. However, with the exception of Cd, the content of As, Cr and Pb
in the crops, was found within the acceptable natural range.

The accumulation of heavy metals in the dry matter content of wheat grains &
their straw, grown by urban untreated effluent irrigation were found as follows: Pb
(5.81 & 3.09 mg/kg), Cr (0.70 & 0.58 mg/kg), Cd (0.35 & 0.35 mg/kg) & As (0.19 &
0.17), while grown by urban treated effluent like Pb (5.22 & 2.13 mg/kg), Cr (0.57 &
0.40 mg/kg), Cd (0.34 & 0.29 mg/kg) & As (0.18 & 0.15 mg/kg), and in groundwater
grown grains like Pb (3.44 & 0.29 mg/kg), Cr (0.17 & 0.15 mg/kg), Cd ( 0.28 & 0.26
mg/kg) & As (0.11 & 0.08 mg/kg), respectively.

Chung et al. (2011) conducted a pot experiment in a plastic film house in
Korea to evaluate the translocation and uptake of heavy metals (Pb, Cd, Cu, and Zn)
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into brown rice (Oryza sativa L.) and the heavy metals residues in soils by irrigated
with domestic wastewater for a long time (3 years). The range of Pb, Cd, Cu and Zn
was 0.370 £ 0.006, 0.011 +0.001, 0.340 + 0.04 and 2.05 + 0.18 mg/kg, respectively,
in the domestic wastewater irrigated brown rice which indicates slight increased but
lower than the recommended tolerable levels proposed by FAO/WHO.

Saha et al. (2010) conducted a field experiment to evaluate the impact of
domestic sewage water on Vertisol & grown wheat crop at Bhopal, India. Bold seed
size coupled with higher protein and Zn content in wheat grains showed an improved
seed quality due to sewage irrigation. Nutrients supplied through sewage water were
not found sufficient to raise the productivity of wheat to the level that obtained
through fertilizers at the recommended level which indicated that additional nutrients
particularly N through fertilizer are required to obtain higher productivity of wheat
under sewage farming. Overall by municipal sewage water irrigation did not found
any appreciable harmful effect rather increase wheat productivity, and produce
quality.

At panicle initiation stage, flag leaves of wheat grown with sewage irrigation
had significantly higher concentrations of N, P, Na, Cu and Fe, but lower
concentration of Ca compared to that grown with groundwater. In wheat grains
significant increase in N (correlated with the increase in protein content by 19%) and
Zn concentration was also found due to sewage irrigation. Average grain and straw
yield of the crop were significantly increased (31% and 43%, respectively) with
sewage irrigation.

The grain yield, straw yield, 1000 seed weight, seed width, seed N content and
seed Zn content of sewage irrigated wheat was found as 38.98 Mg/ha, 51.51 Mg/ha,
49.1 g, 3.11mm, 2.63% and 29.17 ug/kg while the same on groundwater irrigated
wheat was 29.77 Mg/kg, 35.99 Mg/kg, 45.1 g, 2.77 mm, 2.20% and 25.28 ug/kg,
respectively. The grain yield in sewage-irrigated control plot (receiving no fertilizers)
was got almost same to the groundwater-irrigated plots receiving 50% of
recommended general doses of NPK+FYM at 10 Mg/kg.

Singh et al. (2012) conducted an experiment for a year in Nagpur, India by
growing wheat (AKW-1071), Gram (Jacky-9218), Palak (Pusa Jyoti), Methi (Kasuri)
and Berseem (Multicut) with groundwater and domestic wastewater irrigation along
with the recommended NPK dose of fertilizers. Use of the domestic waste water with
fertilizers has shown the improvement in the physicochemical properties of the soil,
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crop yield (both grains & straw) and also in the nutrient status as compared to that of
the resulted from the application of groundwater with fertilizer. The domestic
wastewater irrigation applied for a season had no significant effects apart from, slight
changes in salt solubility and alkalinity on a clay soil with sewage wastewater
irrigation.

The heavy metal content in sewage water grown wheat was Fe (25.71 + 1.10),
Mn (12.95 + 2.24), Zn (16.90 + 3.28), Cu (4.46 + 0.84), Pb (3.89 £ 0.56) and Ni (2.75
+ 0.26 mg/kg), respectively, while the same in well-water grown wheat Fe (19.43 +
0.86), Mn (10.36 + 1.56), Zn (15.63 + 1.18), Cu (3.75 + 0.26), Pb (1.48 + 0.32) and
Ni (0.84 £ 0.12 mg/kg), respectively. The grain yield, straw yield and test weight (100
seed) of sewage grown wheat grains was found (17.37 = 0.22 g/ha), (22.81 + 1.24
g/ha) and (3.70 £ 0.34 g), respectively, while for well-water grown wheat (17.14 +
0.56 g/ha), (22.33 £ 3.36 g/ha) and (3.53 = 0.72 g), respectively. Among all crops
wheat recorded highest yield.

Hussain et al. (2010) conducted a survey in Faisalabad, Pakistan where raw
city effluent was used for irrigation from more than 25 years to appraise Cd
concentration in these waters, soil and its uptake by cereal and legume crops as
compared with the tube well and canal water irrigated areas. Seeds of effluent
irrigated chickpea acquired the highest concentration of Cd (0.177 mg/kg), while was
the lowest in wheat seeds (0.034 mg/kg). Concentration of Cd was higher in
mungbean shoots (0.62 mg/kg) than in wheat shoots. The order for Cd concentration
in seeds was chickpea (0.010-0.350) > maize (0.004-0.040) > mungbean (0.02-0.15) >
wheat (0.034 mg/kg) for wastewater irrigated crops.

The mean cadmium concentration in wheat seeds, shoots and roots was 0.034,
0.123, 0.208 mg/kg at the effluent irrigated location while the corresponding values
were 0.013, 0.019 and 0.208 mg/kg at canal irrigated sites and 0.010, 0.016 and 0.028
mg/kg in tube-well irrigated areas, respectively. Thus, effluent irrigated wheat
accumulated 2.4, 7.2 and 7.3 times more Cd in seeds, shoots and roots than canal
irrigated and 3.4 times more than tube-well irrigated plants.

Although Cd was in permissible limit for their use as irrigation, the effluent
water was unsafe for irrigation. Plant roots retained most of the absorbed Cd from soil
with little transfer to shoots and least into the seeds of all crops. It seems better to
prefer cereal cultivation over leguminous crops on effluent irrigated soils to reduce

the hazard of Cd contamination.
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Minhas et al. (2006) conducted an experiment at the research farm of Central
Soil Salinity Research Institute at Karnal where different cropping systems viz.
vegetable (cabbage-ridge gourd), forage (sorghum—Egyptian clover), grain (paddy—
wheat) and agro-forestry (paddy— wheat with poplar) were being irrigated with
sewage water having the faecal coliform counts averaged 1.5 x10%/100 ml. Edible
parts of different crops were collected and analyzed for total bacterial counts, Faecal
coliform, fungi, Salmonella and Shigella. The aerobic bacterial plate counts for
vegetables, fodder and grain crops ranged between 2 x 10°and 3.5 x 10’, 6 x10° and 3
x 10%, 2 x 10° and 3.8 x 10, respectively, while the corresponding Faecal coliform
ranged between < 2 and 9 x 10°, 9 x 10° and 2 x 10° and < 2, indicating that the
pathogenic loads in the produce. The average bacterial count was found 3.8 x 10" in
wheat and 2 x 10° in paddy grains while MPN count of Faecal coliform < 2/100g in
both wheat and paddy. But, the contamination was got below permissible level in the
produce that was harvested after sun drying in the field itself, whereas the parts
coming in direct contact were the most severely contaminated.

Gupta et al. (2009) conducted a study in Titagarh a suburban industrial town in

West Bengal where farmers use both treated and untreated sewage effluent for
growing vegetables.
A total of 46 wastewater samples (untreated: 24 and treated: 22), 35 soil samples and
172 vegetable sampleswere collected from the wastewater-irrigated area of Titagarh
to assess its contamination level with intestinal helminth. 83.3% of raw wastewater,
68.2% of treated wastewater, 68.6% of soil and 44.2% of vegetables in the study area
were found to be positive for helminth ova. Vegetables grown in this area were found
positive for Ascaris lumbricoides (36%), Trichuris trichiura (1.7%) and hookworms
(6.4%). A. lumbricoides was the most predominant species observed in all the
samples. Of all the vegetables examined, Pudina was most commonly contaminated
followed by Lettuce, Spinach, Coriander, Celery and Parsley.

Yadav et al. (2002) conducted a study in Kurukshetra, Haryana (India) to
access the impact of about three decades of irrigation with domestic sewage effluent
on alluvial soil & their effects on the composition of crops and ground waters. Some
changes in nutrient contents of soils also reflected in uptake by winter (wheat,
berseem) and summer (rice, sorghum) crops growing at these sites. Higher contents of
N, P, K and Na were monitored in their shoots when grown on soils irrigated with

sewage water. Higher accumulation of micro- nutrients and heavy metals in plants
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was also observed in sewage water irrigated crops, but by and large the contents of
Pb, Cd, Zn, Mn, Cu, Fe and Ni were within the critical limit. There was constant
decline in their concentrations with distance of sampling from the disposal point.
Municipal sewage used for about three decades showed the enrichment of soils with
both organic matter and nutrients without excessive accumulation of any toxic
elements in soils and plants. However, traces of some of the toxic ions like Ni, Cd and
Pb were noticed in plants and that NO3 in some well waters should be a matter of
concern and indicate the need for continued monitoring or treatment of sewage water
before it is let into disposal channel for irrigation.

Yoon and Kwun (2001) performed a pilot study in an experimental field at
Konkuk University in Seoul, Korea, to examine the effect of constructed wetland
treated sewage irrigation on paddy rice culture and its soil characteristics. Treated
sewage irrigation resulted in about 10% (with dilution) or 50% (without dilution)
greater yield than in controls. The strength of treated sewage did not give any adverse
effect on paddy soil, plant growth and no lodging was observed in the rice culture
even with a relatively high nitrogen concentration (up to 160 mg/l). Although there
was an indication of salt accumulation in the field irrigated with the highest strength
of treated sewage was observed. But overall, treated sewage could be reused as a
supplemental source of irrigation water for paddy rice culture without causing adverse
effects as long as it istreated adequately and used properly.

Feizi (2001) conducted a study in Isfahan city (Iran) where farmers were
growing wheat, corn, tomatoes, cucumber and alfalfa with “wells treated wastewater”
for about 8 years and compared them with the fields irrigated with well water. In
general, concentration of Zn, Mn, Cu and Fe in soil was higher in fields irrigated with
effluent, with Mn and Zn more significant. The amount of Fe and Mn in corn (forage),
Mn and Zn in the straw & grain of wheat, Mn, Zn and Cu in tomato stems & leaves
while Fe, Zn and Cu in tomato fruit, Fe, Mn, Zn and Cu (mainly Fe and Cu) in
cucumber (fruit) were significantly higher whereas in alfalfa (forage) except Fe and
Zn the accumulation of elements were not significant in effluent irrigated fields, than
well water irrigated. In overall plant analysis, only the amount of Fe was higher than
critical level for both irrigation types. In general, the heavy metal concentration in the
soil and plants were slightly higher in irrigation with effluent, but there appears to be
no significant risk associated with the irrigation of the crops with treated wastewater

in relation with the heavy metals.
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Kalavrouziotis et al. (2008) conducted a greenhouse experiment in Agrinion,
Greece; to assess the effect of treated municipal wastewater (TMWW) in B. oleracea
var. Italica (Broccoli), and B. oleracea var. Gemmifera (Brussels sprouts), as well as
on the physical and chemical properties of the clay loam soil. They found significant
increase in the heavy metal content in the roots (dry matter) like in Brussel sprout Cd
(0.0083 - 0.78), Co (0.029 - 3.38), Ni (4.83 - 7.27) and Fe (379.5 to 1022.0 mg/kg),
respectively and in Broccoli Ni (4.20 - 10.13 mg/g). However, the levels of the heavy
metals in the edible plant parts (heads and sprouts) were also very high like in
Broccoli Ni (3.91-4.15 mg/g) and Pb (9.82-10.40 mg/g), while in Brussels sprouts Cd
(0.8-1.17 mg/g), Co (2.35-2.70 mg/g) and Ni (5.70-6.17 mg/g) which may cause
health risk after consumption.

Khan et al. (2011) conducted a field experiment near Palosi drain, Peshawar
(Pakistan) to study the effect of tube well (TW) and wastewater (WW) with or
without basal dose of fertilizers on the yield and heavy metal uptake of tomato.
Wastewater irrigated plants found taller and having higher biomass in both with or
without fertilizers. The results showed that leaves accumulated higher concentration
(with exception of Cu) of heavy metals than fruit. The concentration of Cr, Fe, Mn Pb
and Zn in leaves & the concentration of Fe and Pb in fruits was found above the
permissible limits indicating toxicity in wastewater irrigated plants. The plants
receiving sole application of WW accumulated more heavy metals compared to WW
plus half dose of Fertilizer (NPK). It was concluded that tomato can be irrigated with
effluents containing moderate supply of heavy metals on coarse textured soil.

Baniania et al. (2010) conducted a field experiment in non-agricultural soil to
investigate the effect of treated municipal wastewater (TMW) on the yield and fiber
quality of cotton (Gossypium hirsutum L.) in Iran. The treatments were irrigated with
surface irrigation by different mixtures and intervals of freshwater and TMW. Two
additional treatments irrigated with freshwater and TMW were considered as control.
The results showed that cotton yield, number of bolls per m? leaf area index (LAI)
and plant height were significantly greater with TMW irrigation rather than with
freshwater irrigation. The yield of TMW and freshwater treatment was about 2200
and 780 kg lint/ha, respectively. There is no significant effect between interval and
mixture treatment with the freshwater and TMW application. Also the TMW had no

significant detrimental effect on the characteristics of cotton fiber quality.
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Rebora et al. (2010) compared the effect of Urban wastewater (UWW)
irrigation on energy crops Jerusalem artichoke (Helianthus tuberosus L.) and
“Gospel” winter rape cultivar (Brassica napus L.) in Mendoza province (Argentina)
as compared to groundwater (GW).

In case of Jerusalem artichoke they found higher average tuber yield in UWW
(177,750 kg/ha) compared to GW (144,000 kg/ha), the average number of tubers
produced per plant in UWW (108.4) compared to GW (89.58), the average plant
height in UWW (2.97) compared to GW (2.71m), number of stem per plant in UWW
(1.54) compared to GW (1.35), the average dry aerial biomass per plant in UWW
(0.70 kg) compared to GW (0.60 kg), the remanent dry aerial biomass of the crop per
ha in UWW (23,250 kg) compared to GW (17,750 kg). Thus the potential to produce
ethanol was 15,000 I/ha in plots irrigated with UWW and 13,000 I/ha in the GW
irrigated.

In case of rapeseed the average number of plant per plot was lower in UWW
(27.5) and GW (33.32) but, the average number of siliqua per plant was found 692.3
in UWW plots compared to 533.7 in GW plots, the average number of seeds per
siliqgua in UWW plots (23.07) compared to (GW 20.48), the average one thousand
seeds weight in UWW (3.60) compared with GW (2.43), the yield in UWW plots
(7,690 kg/ hectare) compared to GW plots (3,886 kg/ hectare), Oil percentage found
in seeds of both treatments was lower than that indicated for Gospel cultivar (47%) in
UWW (36.7%) compared to GW seeds (36.2%). Thus, the potential to produce
biodiesel per unit surface was 2,822 L biodiesel/hectare in when rape is irrigated with
urban waste-water and 1,406 litres biodiesel/ha when it is irrigated with ground water.

Gharsallaoui et al. (2011) conducted an experiment in El Hajeb (Tunisia) to
determine the impact of wastewater irrigation on the quality of the oil. The results
obtained showed that olive trees benefitted from this contribution of wastewater,
irrigation by wastewater has a significant effect in the fatty acid composition like
increasing the percentage of palmitoleic acid, linoleic (C18:2) and linolenic (C18:3)
and decreases the percentages of stearic and oleic acid. The oils irrigated with
wastewater are more sensitive to the oxidation especially when olives are stored
before the extraction, oils coming from olive trees irrigated with wastewaters are
richer in polyphenols and the fallen olives collected from the ground irrigated with

wastewaters provide poor quality oils.
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Arora et al. (2008) carried out a study to assess levels of different heavy
metals in vegetables irrigated with water from different sources. The results indicated
a substantial build-up of heavy metals in vegetables irrigated with continuous long
term irrigation with wastewater like 116-378, 12-69, 5.2-16.8 and 22—-46 mg/kg for
iron, manganese, copper and zinc, respectively. The highest mean levels of Fe and Mn
were detected in mint (378 mg/kg and 67 mg/kg) and spinach (309 mg/kg and 69.4
mg/kg), whereas the levels of Cu (16.8 mg/kg) and Zn (46.4 mg/kg) were highest in
carrot. Wastewater-irrigated spinach has shown significantly higher accumulation of
Fe, Mn, Cu and Zn, compared to the freshwater-irrigated spinach, indicating the
highest metal absorption for this vegetable and not suitable for consumption. All the
vegetables contained heavy metals were lower than the recommended tolerable levels
proposed by Joint FAO/WHO Expert Committee on Food Additives.

Akponikpe et al. (2011) evaluated the physico-chemical and biological risks
on irrigated soils and fruits of macrophyte treated wastewater (TWW), the nutrients
supply, and the effect on tomato and eggplant production in semi-arid Burkina Faso,
Vezina (West Africa). The study revealed that the treated wastewater without mineral
fertilizer improved eggplant yield (40% in average) compared to the freshwater. Both
crops responded better to mineral fertilizer (52% for tomato and 82% for eggplant)
and the effects of the treated wastewater and fertilizer were additive. As the N supply
of TWW was very unsteady (8-227% of crop need), and P,Os supply did not satisfy
in whole crop need (3-58%), but the K,O supply was more steady and close to crop
requirement (78-126%) over the three years of experiment and no addition of K
fertilizer needed. Faecal coliforms and helminth eggs were observed in treated
wastewater and irrigated soils at rate over the FAO and WHO recommended limits for
vegetable to be eaten uncooked. Tomato fruits were observed to be faecal coliform
contaminated with treated wastewater.

Surdyk et al. (2010) studied the accumulation of heavy metals in soil and
potato plants (Solanum tuberosum L.) irrigated with treated low quality surface water
in a three years experiment in north of Belgrade, Serbia. Irrigation water was treated
using (1) a conventional sand filter treatment, and (2) a sand filter combined with a
specific filter for heavy metal removal treatment. In spite of this variability of the
irrigation water composition, the soil contents in inorganic elements at the end of the
three irrigation years are similar to the initial state. After the third harvest, no impact

of the irrigation water on potato quality could be detected except for total sugar and
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sugar in total solids. It was cleared that appropriately treated, low quality feed waters
with high heavy metal contents can be used for irrigation over several years without
significant degradation of soil and produces.

Mukherjee and Mishra (2008) conducted a study to investigate the level of
heavy metal in sewage water, soil and some vegetables like spinach (Spinach
oleraceae) and cauliflower (Brassica oleracea var. botrytis) grown in STP area
Bhagwanpur (Varanasi) where farmers use treated sewage for irrigation for the last
two decades. Heavy metals in irrigation water were higher than the recommended
level and the heavy metal concentration in soil was below the Indian standard for all
heavy metals except for Cr in summer. In edible portion of spinach Cd, Cu and Cr
concentration (5.93, 28.15 and 12.02 mg/kg) while in cauliflower Cr, and Cd (5.95
and 1.96 mg/kg), respectively, in Madarva was higher than the permissible limits and
may causing potential health risk in the long term.

Varalakshmi and Ganeshamurthy (2010) conducted a study in peri-urban
Bangalore where city wastewaters from four water bodies viz, Bellandur, Varthur,
Byramangala and Nagavara tanks were used for cultivation of vegetable crops to
assess heavy metal contamination of water, soil and vegetables. Analysis revealed
high concentrations of Cd and Cr in waters of all the tanks, exceeding the
recommended levels. Concentration of Cd was highest in waters of Bellandur
(0.039mg/L) and concentration of Cr was highest in waters of Byramangala tank
(0.311mg/L). Among all the tanks, Bellandur and Varthur were found to be highly
contaminated with Cd, Pb and Ni. The concentration of heavy metals (mg/kg) in soils
receiving sewage waters from the four tanks ranged from 1.92 -2.90 for Cd, 47.04-
68.12 for Pb, 35.08-92.78 for Cr and 48.2-57.3 for Ni. The Cd and Pb contents were
highest in the soils near Varthur and Bellandur tanks, while Cr was highest in soils
near Byramangala. A similar trend was observed with respect to heavy metal content
of vegetables. Among all the vegetables, Amaranthus and palak accumulated higher
concentrations of heavy metals followed by carrot and radish. The Cd concentration
of all the vegetables grown near Varthur and Bellandur tanks exceeded the PFA safe
limit. Pb and Ni concentrations exceeded the safe limits in all the vegetables in all the
tank areas.

Kiziloglu et al. (2008) conducted a field experiment to investigate the effects
of irrigation with untreated, and preliminary and primary treated wastewater on macro

and micronutrient distribution within the soil profile, yield and mineral content of



29

cauliflower and red cabbage plants in eastern Anatolia, Erzurum province, Turkey.
Wastewater irrigation affected significantly soil chemical properties in the 0—-30 cm
soil layer and plant nutrient content after harvest. Application of wastewater increased
soil salinity, organic matter, exchangeable Na, K, Ca, Mg, plant available phosphorus
and microelements, and decreased soil pH. Wastewater irrigation treatments also
increased the yield as well as N, P, K, Ca, Mg, Na, Fe, Mn, Zn, Cu, Pb, Ni and Cd
contents of cauliflower and red cabbage plants. The highest yield, macro- and
micronutrient uptake of cauliflower and red cabbage plants were obtained with the
untreated wastewater. Heavy metal contamination in soil and plant, and salinity were
not observed with the application of wastewater. It can be concluded that untreated
wastewater can be used confidently, in the short term, in agricultural land, while

primary treated wastewater can be used in sustainable agriculture in the long term.

Objective: (3) To assess comprehensive risk of untreated and treated sewage
water use on the consumer health

Comprehensive risk assessment of treated wastewater is important due to the
presence of extensive amount of heavy metals in the wastewater which may harm to
soil through successive accumulation after long term continuous use, affect
groundwater through leaching and entire food chain through translocation in the
agricultural produce. Consumption of these contaminated produce may also affect the
human health. Risk assessment is done with the help of some indices or health based
indicators which are described in the section-2. Different researchers use these indices
to assess the risk for different conditions which are as follows:

Liu et al. (2005) conducted a case study to assess the impacts of sewage
irrigation on soil heavy metal content in Beijing, China. Concentrations of Cd, Cr, Cu,
Zn, and Pb were determined in samples and compared with the reference values of
1970s, the pollution load index (PLI), enrichment factor (EF), and contamination
factor (CF) of these metals were calculated. The pollution load indices (sewage
irrigation land 3.49) of soils indicated that metal contamination occurred in these
sites. The metal enrichment (EF of Cd 1.8, Cr 1.7, Cu 2.3, Zn 2.0, Pb 1.9) and the
metal contamination (CF of Cd 2.6, Cr 1.5, Cu 2.0, Zn 1.7, Pb 1.6) showed that the
accumulation trend of the five toxic metals increased during the sewage irrigation as
compared with the lower reference values than other region in China and world
average. The EF for Cu (2.31) was the highest, but the actual concentration was not
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much higher than the normal requirement because Cu is essential for plants. However,
the CF for Cd (2.6) was the highest value for the five heavy metals followed by Cu.
The TF values for Cd (0.17 - 4.06) varied greatly between crops, and they were
generally higher than those for the other four metals which was highest for long leaf
lettuce (4.06) while lowest in Rice grain (0.17), followed by those for Zn (0.42 - 0.95)
and Cu (0.15-0.86). The TF for Zn from soil to vegetable was the highest in spinach
(0.95). The TF values for Pb (0.12-0.22) are similar to those for Cr (0.01-0.19). The
high TF values for Cd and Zn from soil to crop indicate a strong accumulation of Cd
and Zn by crops. In Rice grain the observed TF value was for Cd (0.17), Cr (0.01), Cu
(0.20), Zn (0.42) and for Pb (0.12).

Wang et al. (2009) studied the accumulation and bioavailability of copper and
nickel in wheat plants grown in contaminated soils from the oasis, northwest China.
The concentrations of Cu and Ni in studied soils were more than Cu and Ni limit of
grade Il and grade 111 soil environmental quality standards of China.

The sequences of Ni average concentrations in different parts of the wheat
plant were roots (59.6 mg/kg) > leaves (46.7 mg/kg) > shells (21.9 mg/kg) > stocks
(4.12 mg/kg) > grains (3.75 mg/kg); while the sequences of Cu average
concentrations in different parts were roots (67.8 mg/kg) > leaves (61.7 mg/kg) >
shells (27.1 mg/kg) > grains (9.69 mg/kg) > stocks (6.70 mg/kg). Thus, soil was not
fit to plant the wheat crops for human consumption and posed high potential health
risk for human health through food chains.

The order of average value of Bio-concentration factor (BCF) of Cu in the
different parts of wheat plants were root (0.2449)> leaves (0.2229) > shell (0.0977) >
grain (0.0350) > stock (0.0242); while of Ni were root (0.1986) > leaves (0.1560) >
shell (0.0729) > stock (0.0137) > grain (0.0125). Thus, BCF indicated that copper and
nickel could accumulate in the roots and leaves of wheat plants in higher amounts
than other parts of wheat plants. Average BCF of Cu and Ni in grains was 0.035 and
0.013, respectively i.e. only 3.5% and 1.3% of soil Cu and Ni enter into grains,
respectively.

The order of average value of Transfer factor (TF) of Cu from root to other
parts of wheat plants were leaves (0.9101) > shell (0.3988) > grain (0.1429) > stock
(0.0987); while of Ni leaves (0.7856) > shell (0.3673) > stock (0.0688) > grain
(0.0629). Thus, there was a large difference for concentration of copper and nickel
between the root and other parts indicated a restriction of the internal transport of
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copper and nickel from root to other parts of wheat plants. The roots have strong
capability to hold copper and nickel against the transport to other parts of wheat
plants. In general, TF of Cu is greater than Ni in difference parts of wheat plants.
Grains contained 9-26% and 2-16% of Cu and Ni found in roots, respectively.
Average TF of Cu and Ni in the grain was 14% and 6%, respectively.

Average Bio-concentration factor (BCF) and translocation factor (TF) of Cu in
different parts of wheat plants were greater than those of Ni. The process of Cu and
Ni uptake and accumulation by wheat plants were probably linked to the
concentrations of available copper and nickel in the soils, physical and chemical
parameters of soils, and different parts of wheat plants. Only small amount of Cu and
Ni is accumulated in the grains.

Rattan et al. (2005) conducted a case study to assess the long-term effect of
(untreated) sewage irrigations on the heavy metal content in the soils, plants and
groundwater in the peri-urban agricultural lands under Keshopur Effluent Irrigation
Scheme (KEIS) of Delhi, India. It was found a substantial build-up of Zn, Cu and Ni
in the bio-available pool of sewage-irrigated soils. In case of Zn and Fe, TFs for all
the crops grown on sewage effluent irrigated soils were lower than that for crops
produced with tubewell water irrigation. However, for other metals, such consistent
variations in TFs were not obtained. Although long-term sewage irrigation resulted
into elevated concentration of metal in soil, the same would not be proportionately
transferred to food chain. Taking all the crops together, relative orders of transfer of
metals from soil to plants grown on sewage irrigated soils were Ni > Zn > Fe > Mn >
Cu. These results show that as far as entry of these metals to food chain plants is
concerned, Ni has the greatest potential, followed by Zn, Fe, Mn and Cu.

Based on the soil to plant transfer ratio (transfer factor) of metals, relative
efficiency of cereals, millet and vegetable crops to absorb metals from sewage and
tubewell water-irrigated soils were analyzed and risk assessment to human health with
respect of metal contents were done in terms of hazard quotient. The values of Hazard
quotient of green vegetables (HQgv) for gobhi sarson varied from 0.040 to 0.068 for
Zn, 0.004 to 0.021 for Cu and 0.027 to 0.442 for Ni. In case of spinach, HQgv varied
from 0.035 to 0.152, 0.008 to 0.015 and 0.046 to 0.502 for Zn, Cu and Ni,
respectively. The values of HQgv for Indian rape ranged from 0.027 to 0.053, 0.004
to 0.014 and 0.016 to 0.429 for Zn, Cu and Ni, respectively. Although, Ni exhibited
relatively higher HQ for all the crops compared to other two metals, most of the
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values were far less than 1. Hence, these green vegetables are not likely to induce any
health hazard to consumers (human) as far as its metal contents are concerned.

Singh et al. (2010) conducted a study around Dinapur sewage treatment plant
(DSTP) a suburban area in the north east of Varanasi where farmers use industrial
effluent rich treated and untreated wastewater for large-scale vegetable production
and supplied to the markets. They assess the risk to human health by heavy metals
(Cd, Cu, Pb, Zn, Ni and Cr) through the intake of locally grown vegetables, cereal
crops and milk from wastewater irrigated site.

Heavy metal concentrations were several fold higher in all the collected
samples from wastewater irrigated site compared to clean water irrigated ones. Cd, Pb
and Ni concentrations were above the ‘safe’ limits of Indian and WHO/FAO
standards in all the vegetables and cereals, but within the permissible limits in milk
samples.

Within the plants, cabbage (leafy vegetable) showed highest Enrichment factor
(EF) value (10.88) for Cd and amaranthus (20.69) for Ni. EF of other metals like Pb,
Zn and Cr was highest in pumpkin (52.12), lady’s fingers (6.14) and rice (31.51),
respectively. EF value in Wheat for Cd (4.57), Cu (1.54), Pb (34.98), Zn (2.42), Ni
(15.26) and Cr (0.58), while in Rice for Cd (6.87), Cu (1.23), Pb (31.59), Zn (1.52),
Ni (7.98) and Cr (31.51), respectively.

Among different vegetables, cabbage (11.82) showed highest value of MPI
followed by palak (11.54). As compared to the vegetables, wheat (6.92) and rice
(7.29) showed lower metal pollution index. Higher MPI of cabbage (11.82), palak
(11.54), brinjal (10.38) and lady’s finger (11.35) suggests that these vegetables may
cause more human health risk due to higher accumulation of heavy metals in the
edible portion.

To assess the health risk associated with heavy metal contaminated produce
Health risk index (HRI) were calculated. The results showed that Cd, Pb and Ni
contamination in plants had greatest potential to pose health risk to the consumers.
HRI was found more than 1 for Cd in all the plants except radish, pointed gourd and
tomato. For Pb, it was higher in all the leafy vegetables, lady’s finger, brinjal, bottle
gourd and cereal crops, whereas for Ni, it was higher in cereal crops and all the leafy
vegetables except cabbage. HRI value was found in Wheat for Cd (5.86), Cu (5.16E-
02), Pb (4.36), Zn (4.81E-03), Ni (2.40) and Cr (2.97E-04) while in Rice for Cd
(9.15), Cu (4.39E-02), Pb (6.83), Zn (8.40E-03), Ni (1.32) and Cr (2.17E-04),
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respectively. In the present study, Cu, Zn and Cr were not found to cause any risk to
the local population.

Cadmium, Pb and Ni concentrations were above the national and various
international permissible limits in all the vegetables and cereal crops. The metal
pollution index and health risk index of heavy metals also suggest that Cd, Pb and Ni
contamination in most of the test plants had potential for human health risk due to
consumption of plants grown at waste water irrigated site. Milk is found to be least
contaminated by heavy metals as its metal pollution index and health risk index were
lower compared to other foodstuffs. The study suggests that even though there are low
concentrations of heavy metals in irrigation water, its long term use caused heavy
metal contamination leading to health risk of consumers. Thus urgent attention is
needed to devise and implement appropriate means of monitoring and regulating
industrial and domestic effluent.

Liu et al. (2011) assessed the impact of long-term electroplating industrial
activities on heavy metal contamination in agricultural soils and potential health risks
for local residents. Fractionation and risk assessment code (RAC) were used to
evaluate the environmental risks of heavy metals in soils. The health risk index (HRI)
and hazard index (HI) were calculated to assess potential health risks to local
populations through rice consumption. Hazardous levels of Cu, Cr, and Ni were
observed in water and paddy soils at sites near the plant. According to the RAC
analysis, the soils showed a high risk for Ni and a medium risk for Cu and Cr at
certain sites. The rice samples were found contaminated with Ni, followed by Cr and
Cu. HRI values >1 were not found for any heavy metal. The HRI of heavy metals
from rice consumption is in decreasing order: Cu > Ni > Pb > Cd > Cr which
suggested that Cu ingestion has the highest potential health risk and Cr ingestion has
minimum risk. However, HI values for adults and children were 2.075 and 1.808,
respectively, indicating that both adults and children may experience some adverse
health effects. The relative contributions of Cu, Cr, Ni, Pb, and Cd to the HI are
41.0%, 0.2%, 32.1%, 18.1%, and 8.6%, respectively. Therefore, Cu and Ni are key
components contributing to the potential health risk of non-carcinogenic effects for
adults and children, with Pb and Cd being second and Cr being the least contributing.
The concentrations of Cu, Cr, and Ni in rice grains from downstream sites were
higher than those from upstream sites, indicating that contamination of the rice
samples were related to the electroplating wastewater. Although no single metal poses
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health risks for local residents through rice consumption, the combination of several
metals may threaten the health of local residents. Cu and Ni are the key components
contributing to the potential health risks.

Bo et al. (2009) conducted a survey for assessing the potential health risk to
local inhabitants by heavy metals (As, Cd, Cr, Cu, Ni, Pb and Zn) concentrations in
vegetables in Beijing. They collected 416 samples (involving 100 varieties) from
different markets and devided in two groups open field vegetables and greenhouse
vegetables.

The results indicated that the metal concentrations in vegetables ranged from <
0.001 to 0.479 pg/g fresh weight (fw) (As), < 0.001 to 0.101 pg/g fw (Cd), < 0.001 to
1.04 pg/g fw (Cr), 0.024 to 8.25 pg/g fw (Cu), 0.001 to 1.689 ug/g fw (Ni), < 0.001 to
0.655 pg/g fw (Pb) and 0.01 to 25.6 pg/g fw (Zn), with average concentrations of
0.013, 0.010, 0.023, 0.51, 0.053, 0.046 and 2.55 pg/g fw, respectively. The
concentrations of As, Cr, Cu, Cd, Pb and Ni in vegetables from open-fields were all
significantly higher than those grown in greenhouses. All elements except Zn in open-
field vegetable and local-produced vegetable were all significantly higher than those
in greenhouse vegetable and non-locally produced vegetable, respectively.

The estimated daily intake (EDI) of As, Cd, Cr, Cu, Ni, Pb and Zn from
vegetables was 0.080, 0.062, 0.142, 3.14, 0.327, 0.283 and 15.7 pg/(kg bw-d) for
adults, 0.102, 0.079, 0.181, 4.01, 0.416, 0.361 and 20.0 pg/(kg bw-d) for children, and
0.069, 0.053, 0.122, 2.70, 0.281, 0.245 and 13.5 pug/(kg bw-d) for seniors,
respectively. Arsenic was the major risk contributor for inhabitants. The target hazard
quotient (THQ) based on the weighted average concentration (THQw) of As
amounted to 44.3% of the total THQ (TTHQ) value according to average vegetable
consumption and the THQ based on percentile concentration (THQc) of As at the
85th percentile was close to or exceeded the acceptable safety value of unity for all
age groups. The TTHQ was lower than 1 for all age groups, indicating that it was still
safe for the general population of Beijing to consume vegetables.

Cao et al. (2010) investigated heavy metal (Cu, Zn, Pb, Cr, Hg and Cd)
concentrations in rice, garden vegetables and cultivated soils, in a rural-industrial
developed region in southern Jiangsu, China, and estimated the potential health risks
of metals to the inhabitants via consumption of locally produced rice and garden
vegetables. Rice and vegetables were accounted for 64% of total foodstuffs

consumed, and over 60% were grown in the local region.
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The proportion of cultivated soils with concentrations exceeding the
corresponding maximum allowable concentrations (MACs) decreased in the order:
Hg > Cr > Cu > Pb = Cd. Average concentrations of Cr, Cd and Pb in cultivated soils
of both rice and garden vegetables were above the background values in soil of
Jiangsu Province. Average concentrations of Cr, Zn and Hg in cultivated soils were
above the national background values for soil with pH < 6.5.

Average concentrations of Cr, Cu, Zn, Cd, Hg and Pb were 0.75, 2.64, 12.00,
0.014, 0.006 and 0.054 mg/kg dw (dry weight) in rice and were 0.67, 1.18, 4.34,
0.011, 0.002 and 0.058 mg/kg fw (fresh weight) in garden vegetables, respectively,
which were all below the MAC in food in China except for Cr in vegetables. Leafy
vegetables had higher metal concentrations than solanaceae vegetables.

Average daily intake of Cr, Cu, Zn, Cd, Hg and Pb through the consumption
of rice and garden vegetables were 5.66, 16.90, 74.21, 0.10, 0.04 and 0.43 pg/(kg-
day), respectively. Although Hazard Quotient values of individual metals were all
lower than 1, when all six metal intakes via self-planted rice and garden vegetables
were combined, the Hazard Index value was close to 1. Cu, Zn and Pb were the top
three metals with higher health risks. Potential health risks from exposure to self-
planted rice and garden vegetables were of major concern. Health risks of metals
induced by rice ingestion were higher than those induced by intake of garden
vegetables in the studied area.

Harmanescu et al. (2011) conducted a study in Banat County (Romania) to
measure the levels of heavy metals (Fe, Mn, Zn, Cu, Ni, Cd and Pb) in common
vegetables (parsley, carrot, onion, lettuce, cucumber and green beans) grown in
contaminated mining areas compared with those grown in reference clear area and to
determine their potential detrimental effects via daily metal intake (Dlneta) and Target
Hazard Quotients (THQ) for normal daily consumption of these vegetables, for male
and female gender.

Compared with the reference in contaminated areas, soil and plant contents of
all analyzed metals (Mn, Zn, Cu, Cd and Pb) were higher. Particularly, in soil, higher
values than intervention threshold values (ITV) were found for Cu and Pb and higher
than maximum allowable limits (MAL) for Zn, Cu, Cd and Pb for parsley roots and
leaves, carrot roots, cabbage, lettuce and cucumber.

The combined THQ values calculated were below the safe level of THQ <1
for all vegetables grown in reference area. In contaminated Moldova Noua (M) area
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the combined THQ exceeded the safe level only for parsley roots, while in more
contaminated Ruschita (R) area combined THQ exceeded the safe level for parsley
and carrot roots, lettuce and cabbage. Cd and Pb, most toxic metals to humans, have
an increasing prevalence in the combined THQ for leafy (cabbage and lettuce) and
fruit vegetables (cucumber). In the root vegetables only Pb had an increasing
prevalence in combined THQ values. In all areas female THQ was higher than male
THQ. Thus, the consumption of some vegetables (especially parsley, carrot and
cabbage and less for lettuce, cucumber and green beans) is not free of risks in these
areas.

Khillare et al. (2012) conducted a study by growing different vegetables
(Radish, spinach, cowpea, bottle gourd, bitter gourd, ridge gourd) in the vicinity of
three thermal power plants and a background site in Delhi, India and were analyzed
for 16 priority polycyclic aromatic hydrocarbons (PAHSs) and 7 heavy metals (Cd, Cu,
Cr, Ni, Zn, Fe and Mn).

Annual mean concentrations of PAHs and all metals were found to be
significantly higher (ANOVA, p < 0.001) at power plant sites as compared to the
background site. Higher abundances of coal tracer PAHs such as Phen, Anth, Flan,
Pyr and Chry in power plant vegetables suggested possible impacts of coal
combustion emissions. Comparatively higher ratios of polluted sample-to-background
sample of vegetables were found especially for Cr, Cd, Ni and Zn as compared to Fe,
Mn and Cu. Spinach and radish showed greater accumulation of PAHs and metals on
a mass basis at the power plant sites while vegetables belonging to the gourd family
showed highest relative enrichment. Pollutant distributions in vegetables were found
to be influenced by seasonal conditions. Vegetables with considerable leafy parts,
such as spinach and radish, were found to be more contaminated with respect to both
PAHSs and metals suggesting foliar intake as a major source.

Power plant samples showed 184-475% greater metal pollution index (MPI)
values as compared to the background location while health risk indices (HRI) for Cd
and Ni exceeded the safe limit for most vegetables. Incremental lifetime cancer risk
(ILCR) assessment showed that up to 58 excess cancer cases are likely in Delhi for
lifetime ingestion exposure to PAHSs at their observed concentrations. Overall, the
results of this study indicate a definite impact of power plant emissions on vegetables

grown in the vicinity and the associated health risks.
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Si et al. (2011) conducted a study to assess the efficiency of subsurface flow
constructed wetland (CW) planted with Typha angustifolia in reducing the heavy
metal contamination in irrigation water and food crops and the associated risk was
assessed using hazard quotient (HQ) and hazard index (HI) in Silong town, China by
growing wheat irrigating with untreated Yellow River (YW) water on plot A and CW
treated YR water on plot B.

The results showed a potential health risk to inhabitants via consumption of
wheat grain irrigated with untreated water from Yellow river (YR), while the health
risk from the potential HMs toxicity was greatly reduced (35.19%) through CW pre-
treatment of irrigation water which significantly decreasing the concentrations of
HMs in wheat grain.

The trend of concentrations of four HMs in wheat grain in plot A, irrigated
with YR water, was in the order of Zn>Cu>Pb>Cd. Of these HMs, Pb was higher
than the maximum safe intake level and hygienic standard for grain. Through
irrigating with CW treated water, the concentrations of Cu, Zn, Pb and Cd in wheat
grain in plot B were significantly lower than that in plot A. The rates of grain HMs
reduction reached 2.46 to 1.12 mg/kg (54.5%) for Cu, 15.6 to 7.77 mg/kg (50.2%) for
Zn, 0.47 to 0.13 mg/kg (72.3%) for Pb and 0.03 to 0.01 mg/kg (66.6%) for Cd by CW
treatment of YR water.

The high BCF values of Cu (0.08), Zn (0.19), Pb (0.02) and Cd (0.1) in wheat
grain in plot A indicate a strong accumulation of the respective HMs by wheat grain
while the CW had greatly decreased BCF values of Cu (0.04), Zn (0.16), Pb (0.01)
and Cd (0.07), respectively.

The order of HQ was Pb>Cu>Zn>Cd. The HQ of Pb for children and adult
males were above 1 in plot A, while HQ of each metal for different groups of people
were all below 1 in plot B. Indicating that the consumption of wheat grain from plot A
have a potential health risk to children and adult males, while consumption of wheat
grain from plot B irrigated with CW pre-treated water is relatively safe.

The HI of the HMs to children, adult males and adult females were 2.45, 2.39
and 1.72, respectively for plot A while that for plot B were 0.86, 0.84 and 0.60,
respectively the reduction rate of this risk reached 35.19% for different exposure
populations. Pb made the highest contribution to integrative risk in both plot A and B.
The HI of the HMs to different groups people were in the order of children>adult
males>adult females. Through comparative study indicated that irrigation with CW
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treated water can greatly reduce the HQ of individual HM and the accumulative risk
of multiple HMs to people in this area.

CW reduced the risks by removing HMs in irrigation water and farmland soil
efficiently. This suggested that CW could efficiently reduce the HMs in the
contaminated YR water. The four HMs were reduced in a similar manner among four
months, with June and July showing slightly lower reduction rate due to slow growth
of cattail (producing less biomass) in these two months. The HMs reduction rate was
not influenced by the concentration of HMs in YR water. The reduction rate of the
four HMs went higher along with the time, with Cd being reduced mostly efficiently.

The concentrations of HMs in the CW substrate sludge were significantly
increased with time. According to the BCF values, the HMs enrichment rates of
cattail for HMs and that for different cattail tissues were Cd>Zn>Cu>Pb and
root>leaf>stem, respectively. In this study, CW treated 1,350m*water every month
with hydraulic retention time of 3 days.

Guerra et al. (2012) conducted a study to investigate the concentrations of the
heavy metals Cd, Ni, Pb, Co and Cr in the most frequently consumed foodstuff
(vegetables, fruits and cereal) in the Sdo Paulo State, Brazil and compared with the
permissible limits established by the Brazilian legislation and intake of heavy metals
in human diets was also calculated to estimate the risk to human health using Hazard
Quotient and Hazard Index.

All sampled vegetables presented average concentrations of Cd and Ni lower
than the permissible limits established by the Brazilian legislation. Pb and Cr
exceeded the limits in 44 % of the analyzed samples. Regarding the consumption
habit of the population in the Sdo Paulo State, the daily ingestion of heavy metals was
below the oral dose of reference, therefore, consumption of these vegetables can be
considered safe and without risk to human health.

The concentrations of Cd and Ni ranged between 0.01- 0.18 mg/kg and 0.01 -
0.74 mg/kg, and did not exceed the Brazilian limit for all vegetables, while the
concentrations of Pb and Cr ranged between 0.02 - 2.50 mg/kg and 0.01 - 0.60 mg/kg,
respectively and about 44.6 % of the samples exceeded the permissible limit for Pb
and 44.2 % of Cr mainly for green vegetables accounting for 59.9 % of the total. The
highest concentrations of Pb and Cr exceeded the permissible limits by approximately

5 (national garlic) and 6 (Japanese pumpkin) times, respectively. The fruits previously
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described had Cd concentrations below the codex limit. Pb concentrations exceeded
the codex limit, except for apples and ‘hawai’ pineapple.

The greatest contribution for daily intake for Cd came from the ‘monalisa’
potato (0.00049 mg per day), followed by the ‘prata’ banana (0.00046 mg per day),
‘péra’ orange (0.00041 mg per day) and carrot (0.00032 mg per day), accounting for
22.6 % of the total daily intake. The greatest contribution for the Ni intake came from
rice (0.015 mg per day) and bean 1 (0.0036 mg per day), accounting for 40.7 % of the
total daily intake. Rice contributed with approximately 16.84 % for the Pb intake, fol-
lowed by the ‘péra’ orange (6.68 %), bean 2 (5.73 %), ‘prata’ banana (5.52 %) and
onion (4.59 %). Rice was the major contributor for Co intake with 0.013 mg per day
(33.98 %) followed by cassava with 0.0018 mg per day (4.54 %). The greatest
contribution for Cr intake came from ‘prata’ banana (0.0014 mg per day), followed by
‘nanica’ banana (0.0013 mg per day) and carrot (0.0012 mg per day), accounting for
24.7 % of the total daily intake.

HQs for individual vegetables were all below 1.0 for all HMs, regardless the
population type. HQ for Cd, Ni, Pb and Co ranged from 0 to 0.0071; from O to
0.0107; from 0 to 0.0701 and from 0 to 0.0045 for adults and from 0 to 0.0075; from 0
to 0.0114; from 0 to 0.0747 and from 0 to 0.0048 for children. The sequence of HQ
for adults and children followed the decrescent order Pb>Cd>Ni>Co>Cr, however,
the HQ for children was higher than that for adults. HI for adults and children were
0.57 and 0.68, respectively. The relative contributions of Cd, Ni, Pb and Co to the
aggregated risk were 18.8 %, 5.7 %, 73.1 % and 2.3 % for adults and 19.1 %, 5.7 %,
73.4 % and 2.4 % for children, respectively.

Masona et al. (2011) conducted a study to determine the effects of long term
wastewater irrigation on the concentrations of heavy metals (Zn, Cu, Mn, Cd, Pb, Ni,
Fe and Cr) in soil, and their subsequent accumulation in maize plants at Firle Sewage
Works in Harare, Zimbabwe having 30 years irrigation history with wastewater. The
study revealed that long term wastewater use for irrigation results in heavy metal
accumulation in soils and bioaccumulation in plants beyond maximum permissible
limits (MPL) for both humans and livestock consumption. The order of Transfer
factor between soil and maize plant was Pb (0.59) >Zn (0.42) >Mn (0.36) >Cu (0.05)
>Fe (0.025), respectively. Thus, Lead had the highest and iron had the least transfer
factor. The soil pH was found to be less acidic (pH = 5.6) in soils exposed to waste
water than in soils where no wastewater had been applied (pH = 5).
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Mishra and Tripathi (2008) conducted a study to determine the heavy metal
contamination in soil with accumulation in plants in waste water irrigated areas.
Results revealed that waste water contained lower concentrations of Cr, Zn, Cu, and
Pb except Cd (0.03) than the permissible limits prescribed by the WHO. The
concentrations of some metals were higher in vegetables and soils irrigated with
treated waste water than those irrigated with ground water. Cd concentration was
within the acceptable limits for food production in soil and vegetables at each site.
However, Pb concentrations in vegetables exceeded levels considered as potentially
dangerous (0.3 mg/kg for leafy vegetables). The maximum metal concentrations
occurred in Brassica oleracea (Zn 63.80, Cu 12.25, Cr 10.65, Pb 3.63, and Cd 0.56
mg/KQg).

The metal enrichment (EF of Cd 1.9, Cr2.9, Zn 4.8, Cu 6.5, and Pb 15.5) and
degree of contamination (CF of Cd 2.9, Cr 2.0, Zn 2.3, Cu 2.7, and Pb 2.2) showed
that accumulation of the five toxic metals increased during sewage irrigation as
compared with the reference values. Based on WHO standards for heavy metal
contamination of soil and irrigation water does not ensure safe levels for food.

Ghosh et al. (2012) undertaken a study in peri urban vegetable growing areas
of Varanasi to investigate the long-term (15 years) impact of irrigation with treated
sewage water (TSW) on Cd, Cr, Ni and Pb build-up in soils and its subsequent
transfer into commonly grown vegetable crops and assessed the potential health risk
associated with their consumption.

Results indicate that TSW was richer in essential plant nutrients but contained
Cd, Cr and Ni in amounts well above the permissible limits for its use as irrigation
water. Long-term application of TSW resulted in significant build-up of total and
DTPA extractable Cd, Cr, Ni and Pb over GW irrigated sites. TSW also resulted in
slight lowering in pH, increase in organic carbon (1.6 g/kg) and cation exchange
capacity (5.2 cmol /kg).

Based on the tissue metal concentration and transfer factor value radish, turnip
and spinach were grouped as hyper accumulator of heavy metals whereas brinjal and
cauliflower accumulated less heavy metal. Health risk assessment by consumption of
vegetables grown with TSW indicated that all the vegetables were safe for human
consumption. However, significant accumulation of these heavy metals in soil and

plant needs to be monitored.
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The significant build-up of Cd (280%), Cr (312%), Ni (306%) and Pb (162%)
was observed in soils using TSW for irrigation over those using groundwater. DTPA
extractable Cd in the polluted sites ranged between (0.1-1.4 mg/kg), Ni (0.5-1.8
mg/kg), Pb (0.3-2.3 mg/kg) whereas no Cr was detectable in the DTPA extract.

Vegetables can be categorized into three groups on the basis of their
cumulative uptake of Cd, Cr and Ni. Radish, cabbage and spinach had high
accumulation of heavy metals; followed by intermediate accumulation by coriander,
bean, tomato, turnip and carrot while potato, brinjal and cauliflower had the lowest
accumulation of heavy metals in their edible parts. Vegetables where root is the edible
part (radish and turnip) accumulated more Cd and Cr than where leaf is the edible part
(spinach, coriander, cabbage), followed by plants where fruit/curd is the edible part
(brinjal, cauliflower). Cabbage has been found to accumulate more Ni than other
vegetables. However, the concentration of all the metals studied was found below the
maximum permissible limit in vegetables.

The metal transfer factor varied from 0.013 in brinjal to 0.203 in spinach for
Cd, 0.002 in brinjal to 0.038 in radish for Cr and 0.014 in brinjal to 0.116 in cabbage
for Ni. Cd shown the highest metal transfer factor followed by Ni and Cr, suggesting
that Cd is more bio-available. The transfer factor increased with increase in total
metal content in soil, indicating a direct relationship between metal content in soil and
plant. Genotypic differences in plant metal uptake has been observed in the present
study with root crops being more efficient in accumulating heavy metals over leafy
vegetables, followed by crops where fruit is edible part. Brinjal and cauliflower may
be grouped as metal excluders whereas radish, turnip and spinach as metal
accumulators. The Daily intake of metal (DIM) in the study area through consumption
of contaminated vegetables was found to be far below the Reference dose (RfD) limit
set by US-EPA. The Health Risk Index (HRI) for Cd from average consumption of
vegetables was 1.3E-01 for adults and 1.5E-01 for children, for Cr 6.1E-05 for adult
and 7.0E-05 for children and for Ni 1.7E- 02 for adult and 2.0E-02 for children. Cd
exhibited higher HRI followed by Ni and Cr but the HRI for all the metals studied

was <1.
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MATERIAL AND METHODS

3.1 GENERAL SITE CHARACTERISTICS

The IARI campus is located in the heart of the NCT, Delhi (India) and is
traversed by a network of sewage drains whose total discharge amounts to about 700-
ham/ year (or about 20 MLD). These sewage drains receive domestic and industrial
effluents generated by the IARI campus and a complex combination of industrial,
commercial, agricultural and dwelling units around IARI micro-watershed (Figure
3.1). The sewage waters are associated with foul smell, dark black colour, high
turbidity, high residual sodium carbonate (RSC), high bio-chemical oxygen demand
(BOD) and appreciable lead, chromium, nickel and cobalt concentrations. General
characteristics of the IARI micro-watershed are presented in (Table 3.1). About 290-
ha of IARI micro-watershed comprises of farm area where agriculture is the major
activity. Total annual irrigation demand of IARI farm has been estimated to be about
285-ham (or 7.8 MLD; Singh, 2004). About 163- ham (or 4.47 MLD) of this
irrigation demand is met through groundwater and 20- ham (or 0.55 MLD) through
canal water supplies. Thus IARI farm has an annual irrigation water deficit of about
101.5- ham (or 2.78 MLD). In absence of proper freshwater, in seed production unit
farms (around the experimental field) raw & diluted sewage water is being used for
irrigation. In order to circumvent the irrigation water deficit a pilot constructed
wetland technology has been set up to re-use part available (700- ham) sewage waters,
after some treatment, on the adjacent experimental micro-plots (Figure 3.2 and 3.3).
The experimental micro-plots are located near a domestic sewage water drain on a
350 m? land area (28°38'21.3" N and 77°08'56.5" E) within the Seed Production Unit
(SPU) farm of the Indian Agricultural Research Institute (IARI).

3.2 DESIGN AND OPERATION

3.2.1 Experimental wastewater treatment system
The experimental wastewater treatment system is based on vertical sub-
surface flow (VSSF) constructed wetland technology and comprises of 18-treatment

cells (or mesocosms) assembled from commercially available 500-L capacity syntax
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Table 3.1: General characteristics of IARI micro-watershed

S. No. Particulars Values
1. Location
a) Latitude 28.08°N
b) Longitude 77.12°E
2. Gross Area (ha) 1031.24
a) Area within IARI campus (ha) 466.06
b) Area outside IARI campus (ha) 474.43
c) Hilly Area 90.75
3. Land-use pattern
a) Urban (ha) 650
b) Agricultural & Horticultural (ha) 290
I.  lrrigated (ha) 275
Il.  Un-irrigated (ha) 15
c) Forest (ha) 90
4. Elevation (Above mean sea level, in meters) 230
5. Mean slope (%) 8.40
6. Drainage Density (km/ km?) 0.93
7. Topography Rolling to Flat & Hilly
8. Geology Alluvium
(Alwar quartzite of Delhi system)
0. Climate
a) Type Sub-tropical
b) Mean annual temperature (°C) 24
c) Mean annual Rainfall (mm) 769
d) Maximum rainfall receiving months July to September
10. Soil (Project site)

a) Type

b) Infiltration rate (mm/day)
c) Field capacity (% g/g)

d) Wilting point (% g/g)

e) Bulk density (g/ cm®)

Sandy loam
117.0
23.87
10.71
1.54
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Figures 3.3: (a) Experimental wastewater treatment system based on vertical sub-surface flow (VSSF) constructed
wetland technology (b) Experimental micro-plots
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tanks. Each tank measures 0.89m (height) x 0.906 m (dia.) and has a surface area of
approximately 0.645 m% These are filled with a bottom layer (0.20m) of fine gravel
(approximately 1.5 cm diameter and 38% porosity); middle layer (0.30 m) of coarse
sand (approximately 0.2 cm diameter and 32% porosity) and a top most layer (0.20m)
of native (sandy loam) soil (of 42% porosity, Figure 3.3) to obtain an effective pore
space of 36.5% and an actual hydraulic retention time (HRT) of 8.46 £+ 3.12 hrs. All
tanks were painted white, to avoid excessive heating of the outside surface or the
inside media / micro-flora.

The mesocosms were connected to the individual inlet pipes, from the main
(sewage water) influent discharge line, through ball valves to hydraulically maintain a
maximum water level of 16.25cm (6.5 inches) above media, at each flooding event.
To avoid any pump break-downs due to the choking of the inlet pipe, from floating
plant/ plastic material, the untreated domestic wastewater in the open sewage channel
is first passed through a perforated inlet gate and collected in a sump (2.36 x 0.68 x
0.762 m®) from where it is eventually pumped (through the main sewage water
influent line) to the individual mesocosms. The wastewater flowing from open sewage
channel to sump is gravity-driven while that from the sump to the individual
mesocosms is pump — driven. The rest of the flow from the mesocosms to the main
effluent line is again gravity driven. Each flooding event (for a set of 18-mesocosms)
requires approximately 45 minutes—pump (2 HP) operation.

Four replicates of three emergent macrophytes viz. Typha latifolia (Cattail,
T1), Phragmites karka (Reed, T2), Acorus calamus (Vechh, T3), were planted in 12-
mesocosms while the remaining 6-mesocosms were left un-vegetated (T4) and thus
represented a control treatment. In the vegetated mesocosms, plants were allowed to
grow and multiply to form a dense stand in the mesocosms with periodic application
of wastewater as a source of nutrients for the plants, before the actual start for the
experiment from November, 2010 onwards. Dead shoots were replaced with the new
ones randomly until the growth stabilized in the mesocosm media.

The mesocosms were intermittently flooded (to a maximum depth of 6.5
inches) during the first experimental period (Nov. 2010 to March 2011), thrice in a
month after every 20 days interval and during the second experimental period (June
2010 to November 2010), at every alternate day. The treated effluent waters from
each mesocosm were collected in 18 liter capacity pre-labelled white plastic buckets
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and the similar treatment effluents were mixed in 110 liter capacity pre-labelled big
buckets to get a homogenous treatment effluent mixture. The effluent water mixture
were sampled and then used for irrigating the adjacent experimental micro-plot crops.
On the day of field irrigation, the mesocosms were completely drained and re-flooded.
Thus in general the aforementioned mesocosm-flooding events coincided with the
field-irrigation days during Rabi (Nov. — March) and Kharif (June — Nov.) crop
growing seasons.

3.2.2 Micro-plot experimental field
The experimental field was located adjacent to the experimental treatment plant
(mesocosms) consisting of 18 micro-plots, each of size 1.8m x1.5m (= 2.7 m?). The
field had pre-contaminated history with sewage and having sandy loam type soil. The
six treatments viz. Typha latifolia (Cattail) treated water (TW), Phragmites karka
(Reed) treated water (PW), Acorus calamus (Vacha) treated water (VW), Control (No
vegetation) treated water (CW), Raw Sewage water (SW) and Ground water (GW)
irrigated micro-plots were arranged in randomized block design (RBD), with three
replications.

The experimental field was properly ploughed, planked and levelled. Micro-
plots were prepared, lined by bund and tagged during Nov. 2010 for Wheat and
puddled during June 2011 for Paddy. A basal fertilizer dose (25kg Urea/ acre, 50kg
DAP/acre and 25kg MOP/acre) was applied manually as 35g Urea/plot, 17.5¢g
DAP/plot and 17.5g MOP/plot in both Wheat and Paddy.

Wheat (Variety HD-2894) seeds were sown on 26™ Nov. 2010 at 2-3 cm depth
with 22.5 cm row to row and 10 cm plant to plant spacing having 6 rows in each
micro-plot. While in case of paddy 23 days old Paddy (Variety Pusa Basmati-1121)
seedlings were procured from Seed Production Unit (IARI) nursery and transplanted
on 8" July 2011 at 4cm depth with 3 seedlings per hill and 20 cm row to row and 10
cm plant to plant spacing in each microplot. Thinning & gap filling was done to
maintain almost uniform plant population and proper spacing.

Three irrigations per month with mesocosm - effluents, raw sewage water and
groundwater, at approximately 20 days interval, were applied in the corresponding
micro-plots during wheat crop season (Nov. 2010 — March 2011) and on every
alternate day during paddy crop season (June 2011 - Nov. 2011). During entire
experimental period, every micro-plot received about 54 litres of irrigation water on

each irrigation day.
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Topdressing of urea was done on 27" Dec. 2010 in wheat crop during crown
root initiation stage @ 8g/plot in each micro-plot while in paddy crop topdressing of
urea was done on 12" Aug. 2011 and 15" Sept. 2011 during tillering and panicle
initiation stage respectively.

Regularly hand weeding was done inside and adjacent to the micro-plots.
Termite attack was prominent here, so to control them chlorpyrifos (50% EC) was
used to prepare a chemical solution (@ 5ml/litre in water) and 80 ml of it was applied
to each micro-plot by dissolving into the last bucket of 16 litres of irrigation water on
17" March 2011, in wheat crop and on 10" Sept. 2011, in paddy crop. On the sign of
attack of fungus, paddy blast, a fungicide Tilt 250 EC was sprayed by dissolving
Iml/litre in water on (23" Sept. 2011) and for stem borer infection Caldon 50 SP
0.1% was applied @ 1.5 handful granules/ plot on (3™ Oct. 2011) in paddy crop.

After grain filling stage in wheat season twelve healthy plants (four each of
Long, medium and short height) and in paddy season three tillers of five healthy
plants (long, medium and short height) were tagged and number of termite & fungus
infected plants/tillers were counted along with the total plants per micro-plot. About 2
weeks before harvesting of the crops, irrigation was stopped. Intact rooted tagged
plants were harvested first by khurpi and transferred to the laboratory. While the rest
crop plants of corresponding micro-plot were harvested by sickle individually (15"
April 2011 for wheat & 14™ Nov. 2011 for Paddy), tide in bundles by stripes and
transferred to the laboratory. Crop roots were also uprooted from the micro-plot
individually and after placing in polythene sheet transferred to laboratory. Different
micro-plot harvested crop plants along with their roots were air dried and weighed by
balance individually. Thereafter threshing was done of individual micro-plot
harvested crop plants and their grains were weighed by weighing balance and then
after filling in cloth bags transferred to the laboratory.

On the tagged plants, different plant parameters were analysed and the
separated root, shoot & grain samples of each micro-plot were packed into separate
brown paper envelopes. Root & shoot samples were oven dried. Grains, oven dried
root & shoot samples were ground in milling machine separately and subjected to
metal analysis. Test weight (both 100 & 1000 seed weight) of the harvested grains of
each micro-plot grains was taken by seed counter individually, for three replications.

About 350 harvested grains of each micro-plot were taken for seed germination test in
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seed testing laboratory of Seed Science Technology Division (IARI), in three

replicates.

3.3 SOIL, WATER, PLANT SAMPLING AND ANALYSIS
3.3.1 Sampling Plan

In order to access the impact of irrigation water on the soil, plant &
agricultural produce; the soil, water and plant samples from each treatment were

periodically collected.
Water sampling

The water sampling dates coincided with the field-irrigation/ the mesocosm-
flooding dates. The effluent water samples from each mesocosm, sewage water &
groundwater samples, which were used for irrigation to the adjacent micro-plots, were
collected thrice every month at approximately 20 days interval during Rabi (Nov. —
March) and on alternate day during Kharif (June — Oct.). In Kharif season, every
month a composite irrigation sample of 300ml was prepared. The pH, electrical
conductivity (EC), total dissolved solids (TDS), dissolved oxygen (DO), oxidation-
reduction potential (ORP), salinity and temperature of the water samples were
determined in-situ. While for the remaining chemical analysis (Table 3.2), the water
samples were immediately transferred from the site to the laboratory where they were
stored in a refrigerator at 4°C until further processing/ analysis, as per the standard
procedures illustrated in (Table 3.2) and details in (section 3.3). Each water sample
was collected in two (500 ml and 100 ml capacity) high density polyethylene bottles.
The water samples collected in the 100 ml capacity plastic bottles were immediately
acidified with 1 N HNOg3 and subjected to heavy metal analysis while the water
samples collected in the 500 ml capacity plastic bottle were subjected to the
remaining physico-chemical tests (Table 3.2). Prior to sample collection, the plastic
bottles were rinsed with respective waters, for at least two to three times and were
closed air tight, after collection, to avoid any sample contamination/ loss due to

spillage.
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Table 3.2: List of physico-chemical tests performed on the water samples

Parameter(s)

Method(s)

Reference(s)

pH

EC

TDS

ORP

Temperature

Salinity

Multi- parameter analyser

Turbidity

Nephelometer

Jackson (1973)

Carbonate & Bi- carbonate
Concentration

Titration method

Richards (1954)

Calcium & Magnesium
Concentration

Versenate method

Jackson (1973)

Sodium Concentration

Flame photometer

Jackson (1973)

Potassium Concentration

Flame photometer

Jackson (1973)

Chloride Concentration

Argentometric method

Clesceri et al. (1998)

Fluoride Concentration

SPADNS method

Bellack & Schouboe (1968)

Sulphate Concentration

Turbidimetric method

Clesceri et al. (1998)

Nitrate Concentration

UV- spectrophotometery

Clesceri et al. (1998)

Phosphate Concentration

Amino acid method

Clesceri et al. (1998)

Heavy Metal (viz. Zn, Mn,

Atomic Absorption

Fe) Concentrations Spectrophotometer Willis (1962)
Heavy Metal (viz. Cu, Cd,
Cr, Co, Pb) Concentrations Polarography Wang (1989)
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Soil sampling

Besides, soil samples from each experimental plot were collected both before
and during each cropping season. In case of wheat, one soil sampling was done just
before sowing (Nov. 2010), one at mid-crop season (Feb. 2011) and one at the end of
the cropping season (April 2011). While in case of paddy as the last soil sample for
wheat season was assumed as the initial sample for paddy season therefore, only one
soil sampling was done at the end of the paddy cropping season (Nov. 2011). The soil
samples of the top (0-30 cm) layer from each micro-plot were collected randomly
from five spots by core sampler to form a bulk (500 g) soil sample. These soil
samples were packed in pre-marked polyethylene bags and immediately transferred to
the laboratory where these were processed (i.e. air dried, crushed, ground and sieved
through a 2-mm sieve) and subjected to a number of physico-chemical tests (as
illustrated in Table 3.3), as per the procedures detailed in section (3.3.2.2).

Plant sampling

For analysing the impact of water treatments on crop plant and produce, plant
samples were also collected. In case of wheat, four plants each of three height groups
viz. long (Main), medium (Mid) & short (Low) of total twelve healthy plants and in
case of paddy, three tillers of three height groups viz. long (Main), medium (Mid) &
short (Lower) of total five healthy plants per each micro-plot were randomly tagged,
just after grain filling stage, and used for analysis. These tagged plants having intact
root were sampled with khurpi just before harvesting of the rest of the plants. Each
micro-plot plant sample was bundled and immediately transferred to laboratory and
air dried. On the air dried plant samples different plant parameters (given in section
3.3.2.3, and Table 3.4) were analysed and the separated root, shoot & grain parts were
packed in brown envelopes. Root & shoot parts were oven dried (at 55°C) and ground
(individually) along with grains through a milling machine and subjected to micro-
nutrient (viz. Zn, Cu, Fe, Mn) and trace metal (viz. Cd, Cr, Co, Ni, Pb) analysis as
per the procedure detailed in section (3.3.2.3).

All samples were analysed in triplicate; with due quality control ensured
through careful standardization, procedural blank measurements and duplicate
samples in the Hydro-informatics and Wetland bio-geochemistry laboratories of the

Division of Environmental Sciences, IARI.
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Table 3.3: List of physico-chemical test performed on soil samples

Parameter(s) Method(s) Reference(s)
pH Soil :  Water extract (1:5) Jackson (1973)
EC Soil :  Water extract (1:5) Jackson (1973)

Oxidisable Organic Carbon

Chromic acid oxidation method

Walkley and Black (1934)

Carbonate & Bi- carbonate
Concentrations

Titration method

Richards (1954)

Calcium & Magnesium
Concentrations

Versenate method

Jackson (1973)

Sodium Concentrations

Flame photometer

Jackson (1973)

Potassium Concentrations

Flame photometer

Jackson (1973)

Chloride Concentrations

Argentometric method

Clesceri et al. (1998)

Fluoride Concentrations

SPADNS method

Bellack & Schouboe (1968)

Sulphate Concentrations

Turbidimetric method

Clesceri et al. (1998)

Nitrate Concentrations

UV- spectrophotometery

Clesceri et al. (1998)

Phosphate Concentrations

Olsen’s method

Olsen et al. (1954)

Heavy Metal (viz. Zn, Fe,
Mn) Concentrations
(Bio-available + Total)

Atomic Absorption
Spectrophotometer

Willis (1962)

Heavy Metal (viz. Cu, Cd,
Cr, Co, Pb) Concentrations
(Bioavailable + Total)

Polarography

Wang (1989)




Table 3.4: List of parameters performed on plant samples
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Parameter

Method

Reference

Shoot length
Root length
Spike/Panicle length
Shoot weight
Root weight
Spike/ Panicle weight

Grain number per
Spike/Panicle

Grain weight per
Spike/Panicle

Unfilled seed per Panicle

Infected plant/Tillers per
microplot

Economic Yield (per micro-
plot)

Biological Yield (per micro-
plot)

Manual
(by scale & weighing
balance)

Seed Germination

Rolled towel method

ISTA rules (Anon.,1985)

Heavy Metal (viz. Zn, Mn,
Fe) Concentrations

Atomic Absorption
Spectrophotometer

Willis (1962)

Heavy Metal (viz. Cu, Cd,
Cr, Co, Pb) Concentrations

Polarography

Wang (1989)
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3.3.2 Sample analysis
3.3.2.1 Water analysis

Electrical Conductivity, pH, Total Dissolved Solids, Oxidation Reduction Potential,
Temperature, Salinity

The pH, electrical conductivity (EC), total dissolved solids (TDS), dissolved oxygen
(DO), oxidation-reduction potential (ORP), salinity and temperature of the influent
and effluent water samples were determined in-situ by means of a HORIBA U-51
probe. A standard solution of pH- 4 and EC- 4.49 dS/m was used for the calibration of
the probe. Thereafter the probe (housed in a sensor guard) was dipped in the
influent/effluent water samples and the measurements were recorded/ saved in the

equipment memory.

Turbidity

Turbidity of influent/effluent waters was analyzed by means of a turbidimeter (Hach-
2100P-Turbidimeter). For this, the influent/effluent water samples were filled in a
sample cell (glass vials) and the turbidity was directly read from the instrument’s
display. Formazin standard solutions of turbidity <0.1 NTU, 20 NTU, 100 NTU and
800 NTU were used for the calibration of the Turbidimeter.

Carbonate, Bicarbonate and Chloride Concentrations

Carbonate (CO3%) bicarbonate (HCOs) and chloride (CI") concentrations (meg/I) of
influent/effluent water samples were determined titrimetrically (Richards, 1954). For
this 5-ml of the water sample and 20 ml of distilled water were taken in 150 ml
conical flask. To this 1-drop of phenolphthalein indicator was added. On appearance
of pink colour, titration was carried out against 0.01N sulphuric acid (H,SO,) and
volume of acid consumed was recorded to determine the carbonate concentration in
the test water samples. Thereafter, two drops of methyl orange indicator were added
to the colourless content in the flask (left after titration or fresh sample which failed to
develop colour even after the addition of phenolphthalein indicator, due to the
absence of carbonate) and titrated against 0.01N H,SO, for determining HCO3’
concentrations in the test water samples. To the resultant sample solution, 1-mg of
CaCO3 and 2 drops of potassium chromate indicator were added and titrated against
standard 0.025N silver nitrate (AgNOs) solution for determining chloride
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concentrations. Finally, carbonate, bicarbonate and chloride concentrations were
calculated as per the following eq. (1, 2, and 3):
CO3? (meg/l) = (2*V*N;*1000)/V.... (1)

HCO5™ (meg/l) = {(Vi-V,)*Na*1000}/V.....(2)

CI" (meg/1) = {(Va-Vu)*N*1000}/Vs.....(3)

where, Vy is the volume of 0.01N H,SO,4 consumed for complete neutralization of
carbonates, Vy is the volume of 0.01N H,SO, consumed for complete neutralization
of bicarbonates, N, is the normality of the acid used, V, is the volume of 0.025N
AgNO;3 consumed by the water sample, V, is the volume of 0.025N AgNO;
consumed by the blank (double distilled water), N is the normality of the AgNO3 used

and Vs is volume of water sample taken for analysis.
Calcium and Magnesium Concentrations

Calcium (Ca) and Magnesium (Mg) concentrations (meg/L) of influent/effluent water
samples were determined by Versenate (Ethylene-Di-Amine-Tetra-Acetic Acid,
EDTA) titration method (Jackson, 1973). For this, 5 ml of water sample was taken in
100 ml conical flask and to it 20 ml of distilled water was added. This was followed
by the addition of 1 ml of ammonium hydroxide - ammonium chloride buffer solution
(of pH 10.0) and 3-4 drops of Erichrome Black T indicator and titrated against 0.01N
EDTA to obtain calcium and magnesium concentrations as per the following equation
(4):
Ca®" + Mg?* (meg/L) = (Va X Na)/Vs X 1000 .....(4)

where, V, is volume of EDTA used in titration, Vs is volume of water sample taken
and N, is normality of EDTA.

Sodium Concentrations

Sodium concentrations (Na, ppm) in the influent/ effluent water samples were
determined by means of a flame photometer (Elico CL-361, Jackson, 1973). For this a
stock sodium solution (100 ppm Na-concentration) was prepared by dissolving 0.2587
g of AR grade NaCl in 1L-distilled water. Standard sodium solutions of 0, 5, 10, 20,

40, 60 and 80 ppm were prepared from the stock solution to prepare the calibration
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curve. Thereafter the soil extracts were introduced into the pre-calibrated flame

photometer to obtain their sodium concentrations (ppm).

Potassium Concentrations

Potassium concentration (K, ppm) of influent/effluent water samples were also
determined through a flame photometer (Jackson, 1973). For this a stock sodium
solution (100 ppm K-concentration) was prepared by dissolving 0.1907 g of AR grade
KCI in 1L-distilled water. Standard sodium solutions of 0, 5, 10, 20, 40 and 60 ppm
were prepared from the stock solution to prepare the calibration curve. Thereafter the
soil extracts were introduced into the pre-calibrated flame photometer to obtain their

potassium concentrations (ppm).

Fluoride Concentrations

Fluoride concentrations (F, ppm) of influent/effluent water samples were estimated
following SPADNS colorimetric method (Bellack & Schouboe, 1968) which is based
on the reaction between fluoride and Zirconium Alizarin Lake. Fluoride reacts with
the alizarin dye dissociating a portion of it into a colourless complex anion (ZrF6-2)
and the dye. Thus, lighter the colour of the complex more is the fluoride in the
medium. The colour developed in the sample was read by means of a UV-VIS
spectrophotometer at 580 nm wavelength and the fluoride concentrations were
estimated by means of a standard curve using 0, 0.1, 0.3, 0.5,0.7,0.9,1.0,1.2and 1.4
ppm F standard solutions.

Nitrate Concentrations

Nitrate concentrations (NOs, ppm) of influent/effluent water samples were determine
by ultraviolet spectroscopic screening method (Clesceri et al., 1998). Absorbance of
samples was read at 220 nm. A second measurement at 275 nm (associated with zero
absorbance due to any nitrates) was also made to correct for a change in NOj’
concentrations due to the presence of dissolved organic matter (with absorbance at
both 220 nm and 275 nm). The nitrate concentrations were estimated by means of a
standard curve using 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 ppm NOj standard solutions.
The above standards were made from a stock solution of 100 ppm NOj3™ (prepared by
dissolving 0.7218 g of AR grade KNO3 in 1 L-distilled water). 0.5 ml of 1N HCI was
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also added to 5 ml water sample to prevent interference from hydroxide or carbonate

ions.

Sulphate Concentrations

Sulphate concentrations (SO4, ppm) were estimated by turbidimetric method (Clesceri
et al., 1998). For this, 10ml of water sample was taken in a 25ml volumetric flask.
Then 2ml of buffer solution and a pinch of BaCl, crystals were added to it. The
mixture was stirred for 60 seconds and poured into an absorbance cell to measure its
turbidity after 5 minute at 420nm wavelength in a UV-VIS spectrophotometer. Blank
was run without adding BaCl, Buffer solution was prepared by dissolving 30 mg
MgCl,+6H ,0, 5g Sodium Acetate, 1g Potassium nitrate and 20 ml Acetic acid in 1000
ml distilled water. A standard stock solution of 1000 ppm was made by dissolving
1.479 g anhydrous Na,SO,4 in 1000 ml distilled water. Calibration curve was prepared
by spacing standards at 5 ppm increments in the 0 — 40 ppm SO, range i.e. 0, 5, 10,
15, 20, 25, 30, 35 and 40 ppm. Corrections were made for each water sample by

running blanks to which BaCl, was not added.

Phosphate Concentrations

Phosphate concentrations (PO4, ppm) were determined through an amino acid method
by means of a UV-VIS spectrophotometer (Hach DR-5000). For this 5-ml of water
sample was mixed with 0.2 ml of amino acid reagent (HACH reagent) and 0.2 ml of
molybdate reagent (HACH reagent). In a highly acidic solution, ammonium
molybdate reacts with orthophosphate to form molybdophosphoric acid. This complex
is then reduced by the amino acid reagent to yield an intensely coloured molybdenum
blue compound. The mixture was incubated for 10 minutes. Thereafter its absorbance
was taken at 530nm. Calibration curve was prepared by using PO,* standards at 5, 8,
10, 12, 15, 18, 20 and 25 ppm from a 1000 ppm stock solution prepared by dissolving
438 mg anhydrous KH,PO4 in 1000ml distilled water.

Heavy Metal Concentrations

To determine heavy metal (viz., Cu, Fe, Mn, Zn, Cr, Ni, Cd, Co, Pb) concentrations
in the influent/effluent water samples, acidified water samples were digested by using
di-acid mixture (HNO3:HCIO, :: 9:4). For this 100ml of sample was taken in a 250 ml

conical flask, to this 15 ml of di-acid mixture was added and placed on a hot plate
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maintained at a temperature of 70°C. Digested samples were filtered in 100 ml
volumetric flask and 100 ml volume was made up by using deionised water. After
filtration, concentrations of Fe, Mn and Zn were determined through an atomic
absorption spectrometer (ECIL AAS4141 model) while those of Cu, Ni, Cd, Cr, Co,
and Pb were determined by means of a Polarographic Trace Lab Analyzer (POL150
model; Wang, 1989).

3.3.2.2 Soil analysis

Electrical Conductivity

Electrical conductivity (EC) of 1:5 (Soil: Distilled water) extracts in 20 ml beakers
were determined by means of a pre-calibrated conductivity meter (Jackson, 1973). A
standard 0.01 M KCL solution (i.e. 0.7466 g of dry AR grade KCL in 1L distilled
water) with 1.413- dS/m electrical conductivity at 25°C temperature was used for the

calibration of the conductivity meter.

pH

The pH of 1:5 (Soil: Distilled water) extracts in 20 ml beakers were also determined
by means of a pre-calibrated pH meter (Jackson, 1973). Buffer solutions of pH 7.0,

4.0 and 9.2 were used for the calibration of the pH meter.

Oxidisable Organic Carbon

Oxidisable organic carbon (OOC) was analysed through Chromic acid oxidation
method (Walkley and Black, 1934). For this, 2g of air-dried soil was weighed in a 500
ml conical flask. Then 10 ml of 1N K,Cr,05 solution and 20 ml of conc. H,SO4 were
added to it. The mixture was kept in dark for 2 hours to cool the contents and to make
the reaction complete. This was followed by addition of 100 ml of distilled water and
10 ml of ortho-phosphoric acid (88%) and the excess potassium dichromate was back
titrated with 0.5 N ferrous ammonium sulphate in the presence of diphenyl amine
indicator. This indicator gave violet colour to the solution. The end point was change
of colour from violet to bright green. Finally the following formula (5) was used for

the calculation of organic carbon:

0O0C (%) = [(x-y)/2] x 0.003 x (100/S) x (100/76) .....(5)
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where, X is volume (ml) of 0.5 N ferrous ammonium sulphate used for blank titration,
y is volume (ml) of 0.5 N ferrous ammonium sulphate used for sample titration and S

is the amount of soil sample (g) taken for analysis.

Sulphate Concentrations

Sulphate concentrations (SOg4, ppm) of 1:5 (Soil: 500 ppm Monocalcium phosphate)
extracts were determined by Turbidimetric method (Chesnin and Yien, 1950). For
this, 10 ml of soil extract was taken in 25 ml volumetric flask. Then 1 g of 30-60
mesh BaCl; crystals and 1 ml of 0.25% solution of gum acacia in distilled water were
added to it and their volumes were made by adding distilled water. The turbidity
developed in the sample was read by a UV-VIS spectrophotometer at 420 nm
wavelength and the sulphate concentrations were estimated by means of a standard
curve using 0, 1, 2, 3, 4, 5 and 6 ppm SO, standard solutions.

Phosphate Concentrations

Phosphate concentrations (POg4, ppm) of 1:20 (Soil: 0.05N NaHCO3) extracts were
determined by Olsen’s method (Olsen et al., 1954). For this, 5 ml of soil extract was
taken in 25 ml volumetric flask and 0.5 ml of 5N H,SO, and 4-ml of ascorbic acid
solution were added to it and their volumes were made up to 25 ml by adding distilled
water. The ascorbic acid solution was prepared by dissolving 1.056 g ascorbic acid
salt in 200 ml of solution made from ammonium molybdate (12 g) and antimony
potassium tartrate (0.2908 g). The blue colour developed in the sample was read by a
UV-VIS spectrophotometer at 760 nm wave length and the phosphate concentrations
were estimated by means of a standard curve using 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
0.8, 0.9 and 1.0 ppm PO,> standard solutions made from a 1000 ppm stock solution,
prepared by dissolving 438 mg anhydrous KH,PO,4 in 1000 ml distilled water.

Carbonate, Bicarbonate and Chloride Concentrations

Carbonate (CO5*” bicarbonate (HCO5") and chloride (CI) concentrations (meg/l) were
determined titrimetrically (Richards, 1954). For this 5-ml of 1:5 (Soil: Distilled water)
extracts and 20 ml of distilled water were taken in 150 ml conical flask. Then 1-drop
of phenolphthalein indicator was added to it. On appearance of pink colour, titration
was carried out against 0.01N sulphuric acid (H.SO,) till become colourless and the

volume of acid consumed was recorded to determine the carbonate concentration.
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Thereafter, two drops of methyl orange indicator were added to the colourless content
in the flask and titrated against 0.01N H,SO,.The consumed acid volume to change
colour from orange to red during titration was recorded to determine the bicarbonate
concentration. To the resultant sample solution, 1-mg of CaCO3; and 2 drops of
potassium chromate indicator were added and then titrated against standard 0.025N
silver nitrate (AgNO3) solution till breek red colour develop and consumed titrant
volume were noted for determining the chloride concentrations. Finally, carbonate,
bicarbonate and chloride concentrations were calculated as per the following eq. (6, 7,
and 8):
CO3* (meq/l) = (2*V,*N,*1000)/V. .. (6)

HCO3 (meq/l) = {(Vi-V,)*Na*1000}/V.....(7)
CI" (meg/l) = {(Va-V)*N*1000}/ V. ....(8)

where, Vi is the volume of 0.01N H,SO, consumed for complete neutralization of
carbonates, Vy is the volume of 0.01N H,SO,4 consumed for complete neutralization
of bicarbonates, N, is the normality of the acid used, V, is the volume of 0.025N
AgNO; consumed by the water sample, V, is the volume of 0.025N AgNO;
consumed by the blank (double distilled water), N is the normality of the AgNO3 used

and Vs is volume of water sample taken for analysis.

Calcium and Magnesium Concentrations

Calcium (Ca) and Magnesium (Mg) concentrations (meg/L) were determined by
Versenate (Ethylene-Di-Amine-Tetra-Acetic Acid, EDTA) titration method (Jackson,
1973). For this, 5 ml of 1:5 (Soil: Distilled water) extract was taken in 150 ml conical
flask and 20 ml of distilled water was added to it. This was followed by the addition
of 1 ml of ammonium hydroxide - ammonium chloride buffer solution (of pH 10.0)
and 3-4 drops of Erichrome Black T indicator and titrated against 0.01N EDTA and
the titre volume for the colour change from wine red to sky blue was noted to obtain

calcium and magnesium concentrations as per the following equation (9):
Ca®* + Mg (meg/L) = (Va X Na)/Vs x 1000 ... (9)

where, V, is volume of EDTA used in titration, Vs is volume of water sample taken
and N, is normality of EDTA.

Sodium Concentrations
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Sodium concentrations (Na, ppm) were determined by means of a flame photometer
(Elico CL-361, Jackson, 1973). For this a stock sodium solution (100 ppm Na-
concentration) was prepared by dissolving 0.2587 g of AR grade NaCl in 1L-distilled
water. Standard sodium solutions of 0, 5, 10, 20, 40, 60 and 80 ppm were prepared
from the stock solution to prepare the calibration curve. Thereafter the 1:5 (soil:
ammonium acetate extractant) extracts were introduced into the pre-calibrated flame

photometer to obtain their sodium concentrations (ppm).

Potassium Concentrations

Potassium concentration (K, ppm) were also determined through a flame photometer
(Jackson, 1973). For this a stock sodium solution (100 ppm K-concentration) was
prepared by dissolving 0.1907 g of AR grade KCI in 1L-distilled water. Standard
sodium solutions of 0, 5, 10, 20, 40 and 60 ppm were prepared from the stock solution
to prepare the calibration curve. Thereafter the 1:5 (soil: ammonium acetate
extractant) extracts were introduced into the pre-calibrated flame photometer to obtain

their potassium concentrations (ppm).

Fluoride Concentrations

Fluoride concentrations (F, ppm) were estimated by following the SPADNS
colorimetric method (Clesceri et al., 1996) which is based on the reaction between
fluoride and Zirconium Alizarin Lake. Fluoride reacts with the alizarin dye
dissociating a portion of it into a colourless complex anion (ZrF6-2) and the dye.
Thus, lighter the colour of the complex more is the fluoride in the medium. The
colour developed in the sample was read by means of a UV-VIS spectrophotometer at
580 nm wavelength and the fluoride concentrations were estimated by means of a
standard curve using 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0, 1.2 and 1.4 ppm F standard

solutions.

Nitrate Concentrations

Nitrate concentrations (NOsz, ppm) were determined by ultraviolet spectroscopic
screening method (Clesceri et al., 1998). Absorbance of samples was read at 220 nm.
A second measurement at 275 nm (associated with zero absorbance due to any
nitrates) was also made to correct for a change in NO3™ concentrations due to the

presence of dissolved organic matter (with absorbance at both 220 nm and 275 nm).
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The nitrate concentrations were estimated by means of a standard curve using 0, 1, 2,
3,4,5,6,7,8,9and 10 ppm NOj3 standard solutions. The above standards were made
from a stock solution of 100 ppm NOg3™ (prepared by dissolving 0.7218 g of AR grade
KNOs in 1 L-distilled water). 0.5 ml of 1N HCI was also added to 5 ml water sample

to prevent interference from hydroxide or carbonate ions.

Heavy Metal Concentrations

Soil samples were subjected to both bio-available and total metal analysis. To
determine bio-available (i.e. DTPA extractable) soil heavy metal concentrations (viz.
Zn, Cu, Cd, Cr, Co, Mn, Fe, Pb), 40 g of air dried soil was taken in 150 ml conical
flask. To this 80 ml of DTPA solution was added and the contents were shaken for 2
hrs. and finally filtered. The DTPA extractant (Lindsay and Norvell, 1978) was
prepared by dissolving 1.967 g of DTPA (di-ethylene-tri-amine-penta-acetic acid),
1.47 g of CaCl,2H,0 and 13.3 ml of tri-ethanolamine (TEA) in 900 ml of distilled
water. This was followed by adjusting the pH of DTPA solution to 7.3 + 0.5 with 1:1
HCI and making up the volume to 1 L.

While to determine total heavy metal concentrations, 0.5 g of soil sample was taken in
a 150 ml conical flask and to it 15 ml of di-acid (i.e. HNO3:HCIO,::9:4) was added.
The mixture was placed on a hot plate maintained at 70°C temperature and left for
digestion. The digested samples were filtered in 100 ml volumetric flasks and their
volume made up to 100 ml by means of the deionised water.

After filtration, the concentrations of Fe, Mn and Zn in both DTPA extractable and
acid digested samples were determined through an atomic absorption spectrometer
(ECIL AAS4141 model) while those of Ni, Cd, Cr, Co, Cu and Pb were determined
by means of a Polarographic Trace Lab Analyzer (POL150 model; Wang, 1989).
3.3.2.3 Plant analysis

Plant parameters analysis

Harvested tagged plant samples were taken to lab and air dried. Root length, shoot
length, spikelet length (wheat) and/or panicle length (paddy) were taken by manual
scale and root weight, shoot weight, spikelet and/or panicle weight & grain weight
were taken by weighing balance. Numbers of grains per spikelet and/or panicle were
counted. In paddy number of productive, unproductive, infected and total tillers, per

plant and numbers of unfilled kernels per panicle were also counted.
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Economic Yield, Biological Yield & Harvest index

Bundles of separately harvested crop of each microplot and their roots were air dried
and weighed by weighing balance. The threshed grains of each microplot were also
weighed by weighing balance. These were calculated as per the following equations
(10,11 & 12):

Economic Yield (kg) = Weight of threshed grains of each microplot ... (10)

Biological Yield (kg) = Weight of harvested crop (shoot & grains) + Weight of
root...(11)

Harvest Index = Economic Yield / Biological Yield... (12)
Seed germination test

Seed germination test was also done by following rolled towel method (ISTA rules;
Anon, 1985). In this, though the use of counting board, hundred seeds are placed
evenly between two pre-soaked (in water for 2 hours) germination papers. These were
then rolled carefully, ensuring no excess pressure on seeds, wrapped in a sheet of
butter paper and placed (in an upright position) in a germination chamber.
Temperature of germination chamber was maintained at 20°C for wheat seeds while at
25°C for paddy seeds and allowed to germinate. Number of germinated seeds, as
obtained thorough “First count”, on the fourth day of wheat seed germination and on
the fifth day of paddy seed germination experiment were estimated. Number of
normally germinated, un-germinated, abnormally germinated and dead seeds was also
counted during “Final count” stage i.e. on the eighth day and the fourteenth day of
wheat and paddy seed germination experiment, respectively. Ten firm seedlings were
carefully removed from the germination paper and their root length & shoot length
was taken by scale. After removing the seed from each seedling, these ten seedlings
were collectively dried in oven for their dry weight measurement. Finally vigour
indices (Abdul-Baki and Anderson, 1973) were estimated as per the following
equations (13 & 14):

Vigour index - | = (Dry wt. x % Germination)... (13)

Vigour index - 11 = {(Root length + Shoot length) x % Germination}... (14)
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It is important to mention that so to break paddy seed dormancy, just after harvesting
paddy seeds were kept at 50°C for five days and thereafter subjected to the

germination experiment.
Heavy metal analysis

Both micro-nutrient (viz. Zn, Cu, Fe, Mn) and trace metal (viz. Cd, Cr, Co, Ni, Pb)
concentrations were estimated. For this, 0.5 g of ground plant sample was taken in a
150 ml conical flask. To this 15 ml of di-acid mixture (9:4::HNO3:HCIO4) was added
and placed on a hot plate maintained at a temperature of 70°C. Digested samples were
filtered in 100 ml volumetric flask and their volume made up to 100 ml by using
deionised water. Thereafter, the concentrations of Fe, Mn and Zn in acid digested
samples were determined through an atomic absorption spectrometer (ECIL
AAS4141 model) while those of Cu, Ni, Cd, Cr, Co, and Pb were determined by
means of a Polarographic TraceLab Analyzer (POL150 model; Wang, 1989).

3.4 COMPREHENSIVE RISK ASSESSMENT DUE TO HEAVY / TRACE
METALS
USEPA (1992) has identified following eight pathways for estimating human
exposure to pollutants applied to soils through wastewater irrigation.
1. Wastewater = Soil = Plant = Human
Wastewater - Soil - Human
Wastewater - Soil = Plant = Animal - Human
Wastewater - Soil > Animal > Human
Wastewater - Soil = Airborne particulate > Human
Wastewater - Soil - Surface runoff - Surface water > Human

Wastewater = Soil = Vadose zone = Groundwater = Human

© N o g~ D

Wastewater - Soil - Atmosphere - Human

In these exposure routes, the first one i.e. food-chain transfer is the primary route of
human exposure to environmental pollutants, in which pollutant intake from the
consumption of grain, vegetables, root/tuber crops & fruit reaches the human body.
The pollutant ingested due to consumption of cereal, vegetable, root/tuber & fruit in
turn accounts for 75 % of the total dietary intake of pollutant (Galal-Gorchev, 1991)

while the pollutant intakes through drinking water and inhalation are not expected to
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exceed 5 -10 % of the average daily intake (ADI, WHO, 1998; USEPA, 1992a &
2000). Thus pollutant intake via food consumption is by far the most significant
environmental exposure route for pollutants to reach human body (McKone and Ryan,
1989). Cereals normally accumulate lesser heavy metals than vegetables, but health
risk is by far greater due to their higher contribution in diet. When heavy metal enters
the body, it first accumulates to the toxic levels in the body tissues & thereafter
different organs create many types of problems like cancer.

To quantify these risks and to access “Food chain transfer” of heavy metals
i.e. the quantity of heavy metal transport/ load/ enrichment from irrigation water to
soil, plant tissue, grains & ultimately to human body, a comprehensive risk
assessment was done as per the following procedures:

Extent of pollutant transfer from the irrigation water to soil was assessed in
terms of the Pollution Load Index (PLI, Tomlison et al., 1980) where PLI can be

expressed as in the following equation (15):
1/n

PLI=(CF xCF xCF,.....xCF) . (15)

Where, CF; is the Contamination Factor (Hakanson et al., 1980) of each pollutant
would be obtained as in the following equation (16):

CF=C /C ...(16)

i
Where, C is mean concentration of a specific pollutant in treated sewage irrigated
o

micro-plots, and Cj, is mean concentration of a same pollutant in sewage water
irrigated micro-plots. CF value indicates degree of soil contamination, due to each
metal, through poor quality water as assessed through the following four categories:

CF<1 low contamination factor

1<CF<3 moderate contamination factor

3<CF<6 considerable contamination factor

6 <CF very high contamination factor
While PLI quantifies the overall contamination of soil by the poor quality water by
considering all heavy metal effects collectively. Pollution Load Index (PLI) value
close to 1 indicates heavy metal loads near the background levels, while values above
1 indicate soil pollution (Cabrera et al., 1999).

Extent of pollutant transfer from soil to plant, in turn, was ascertained through

following two indices viz. Bio-concentration factor (BCF) and Enrichment Factor
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(EF). Bio-concentration factor (BCF) is an estimate of the plant tissue concentration
of each heavy metal and was obtained through the following equation 17, (Barman et
al., 2000):

BCF = (Metal concentration in plant tissue / Metal concentration in rooted soil)
..(17)

While Enrichment factor (EF) is used to estimate the translocation of each
heavy metal in the plant tissue from contaminated soil over sewage water irrigated
soil, and was obtained through the following (Buat-Menard & Chesselet, 1979)
equation (18):

EF = (BCF of edible part produced from treated sewage microplot) +
(BCF of edible part produced from sewage water irrigated micro-plot) ... (18)
According to Sutherland (2000), five contamination categories are generally

recognized on the basis of the enrichment factor:

EF<2 deficiency to mineral enrichment

EF=2to5 moderate enrichment

EF =5to0 20 significant enrichment

EF =20 to 40 very high enrichment

EF > 40 extremely high enrichment
Higher values of enrichment factor (EF) suggest poor retention of metals in soil
and/or more translocation in plants. Enrichment factor of heavy metals depends upon
bioavailability of metals, which in turn depends upon its concentration in the soil,
their chemical forms, difference in uptake capability and growth rate of different plant
species (Tinker, 1981).

While pollutant transfer/ translocation between different plant parts was
evaluated through the Translocation Factor (TF), (Cui et al., 2004), where TF is the
fraction of pollutant concentration in different plant parts w.r.t. its concentration in the
roots. High TF value indicates a strong accumulation by crop.

Finally the threat of pollutant contamination, due to untreated and treated
waste water irrigations, on the consumer (i.e. human) health was assessed in terms of
the Health Risk Index (HRI) as per the following equation (19):

Health Risk Index (HRI) = HQ x f... (19)
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Where, f is the consumption probability of contaminated grains and HQ is Hazard
Quotient. Pierzynski et al. (2000) evaluated the hazard quotient in the following
manner (equation 20):

HQ = (Daily intake of a specific heavy metal)/ (Its Safe limit)... (20)
Where, Daily intake of heavy metal (in mg metal/Kg body weight/day) is generally
obtained as (Concentration of metal in contaminated food x Daily food intake) /
(Average body weight). HRI index value >1 is considered unsafe for human health
(USEPA, 2002).

The risk by sum of the all heavy metal constituent present in the contaminated
grains was analyzed by Hazard Index (Huang et al. 2007; eq. 21), which is the
measure of the potential risk of adverse health effects from a mixture of heavy metal
constituents in the contaminated grains. When the hazard index exceeds 1.0 there is
concern for potential health effects.

HI =Y HRI... (21)

Daily food intake pattern of the exposed individual is represented by the
global diet (Galal-Gorchev, 1991) which considers daily intake of grains/cereals of
about 0.405 kg (on fresh weight basis where the fresh weight to dry weight
conversion factor is 0.90 for grains/cereals). The dietary intake of pollutants normally
does not exceed 50 % of the Provisional Tolerable Weekly Intake (PTWI), except for
individuals who are exposed through occupational activities or are resident near a
pollution point source (WHO, 1998; USEPA, 1992a & 2000). Hence for this analysis,
the consumption probability of contaminated grains was considered as 25%. Further,
the average body weight of an adult was considered as 70kg while the oral reference
dose or safe daily intake quantity of different heavy metals, as per USEPA (1997 &
2002), was considered to be Cu (0.04mg/kg/day), Zn (0.3 mg/kg/day), Cd (0.001
mg/kg/day), Pb (0.004 mg/kg/day), Ni (0.02 mg/kg/day), Cr (1.5 mg/kg/day), Fe (0.25
mg/kg/day) and Mn (0.14 mg/kg/day), Co (1.6 mg/kg/day; FSA, 2003).
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RESEARCH PAPER-I

To assess impact of IARI wetland treated sewage water applications on the soil

nutrient and heavy metal load at the experimental sewage plot site

Abstract

Eighteen micro-plots (2.7 m? area) at the sewage plot site of IARI (New Delhi), with
Rice-Wheat cropping system, were irrigated with subsurface flow constructed wetland
treated sewage waters for two years. Continuous application of treated sewage waters,
for 2-years, in place of untreated sewage water applications (business-as-usual) at the
project site resulted in significant reduction in soil potassium concentration from an
initial (beyond permissible) levels of (219.19 + 12.66 mg/kg) to (125.27 = 10.57
mg/kg) Soil nitrate and phosphate concentrations also decreased by about 88% and
38%, respectively thereby showing a significant impact of water treatment on the soil
nutrient load. Soil total and bio-available nickel (Ni), lead (Pb), and iron (Fe)
concentrations also decreased significantly. Soil bio-available chromium decreased
from an initial level of (5.71 £ 0.88 mg/kg) to (1.57 £ 0.07 mg/kg) after two years.
However, there was no change in the soil total chromium (Cr) level, due to its more
than (1.7 times) permissible concentrations in the historically sewage water irrigated
soils of the experimental area. Soil bio-available zinc concentrations changed
insignificantly from (6.38 + 0.55 mg/kg) to (5.81 + 0.51 mg/kg) and cadmium and
copper concentrations were found to be below detection limits throughout the
research period. Thus, continuous irrigations with treated sewage waters could lead to
significant soil pollutant load reductions and no depletion in soil micro-nutrient
concentrations as well as any adverse effects due to soil electrical conductivity and

exchangeable sodium percentage, which remained within safe limits.
4.1 Introduction

Water scarcity is one of the global problems. Increasing population, rapid
urbanization and industrialization along with climate change are causing significant
impact on water demand, quality and supply. Several adaptation and mitigation
strategies have been developed and evaluated to cope up with these problems.
Amongst these, wastewater reuse in agriculture seems to be the most promising
strategy. Globally, in at least 44 countries, about 5, 25,000 ha land area is subjected to
reclaimed water irrigation (FAO, 2010) at a discharge rate of over 15 Mm®/d (Jiménez
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and Asano, 2008). In developing countries due to the lack of awareness and low cost/
low energy demanding treatment facilities, unplanned raw sewage application is
increasing. For instance, in terms of area, India (with over 73,000 ha area) occupies
third position in the use of untreated wastewater for (Scott et al. 2010) for growing
different crops and aquaculture (Strauss and Blumenthal, 1990). Most of these
wastewater irrigated areas are situated along rivers, flowing through rapidly growing
cities such as Delhi, Kolkata, Coimbatore, Hyderabad, Indore, Kanpur, Patna,
Vadodara, Varanasi, Dharward, etc.

Wastewater re-use fulfils the demand of water in scarce areas and its high
nutrient content supplements the fertilizer dose. As a resulting several rainfed farmers
are rapidly converting to wastewater irrigators. It has been estimated that wastewater
use at the rate of 3000 m® per hectare can supplement N (48-186 kg/ha), P (12-72
kg/ha), K (6-607 kg/ha), Ca (54-624 kg/ha), Mg (27-330 kg/ha) and Na (81-546
kg/ha; Lzarova and Bahri, 2005). However, unplanned and untreated or improperly
treated wastewater application increases problems of salinity, sodicity and heavy
metal accumulation in soil and groundwater while excess nutrient with agricultural
drainage degrades surface water quality and aquatic life.

Nitrogen is present in wastewater as nitrate, ammonia, organic nitrogen and
nitrite. Most plants absorb nitrates (National Research Council, 1996). Only 50% of
ammonia and 30% of organic nitrogen are assimilated by plants, as rest is lost during
transformation through several mechanisms such as volatilization (Girovich, 1996).
Nitrates are very soluble in water and so washed out very easily depending on
irrigation rate, soil characteristics and nitrogen content of wastewater. Phosphorus,
though bio-available, is often scarce in soil. Wastewater normally contains low
amount of phosphorus and thus can be applied over long periods of time (Degens et
al., 2000) without impacting the environment negatively (Girovich, 1996). Potassium
on the other hand, though present in high concentrations in soil, is generally not bio-
available. As wastewater contains low potassium concentrations therefore even this
does not normally cause any negative environmental impacts (Mikkelsen &
Camberato, 1995).

Salinity in the form of sodium can directly affect soil properties through the
phenomena of swelling and dispersion (Halliwell et al., 2001). These effects occur as
sodium, which is a positively charged cation, interacts with the negatively charged
layers (known as platelets) of clay particles. As sodium concentrations increase, the
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electrophoretic mobility of the clay platelets increases resulting in swelling/
dispersion of the clay particles and thus impacting soil permeability (Halliwell et al.,
2001). Along with sodium, presence of suspended solids (Magesan et al., 2000) and
other nutrients which cause excessive growth of microorganisms in the soil (Magesan
et al., 1999) or interaction of dissolved organic matter with the soil profile (Tarchitzky
et al., 1999) causes reduction of hydraulic conductivity of soil. This can impact on the
ability of water to infiltrate into the soil profile and thus, reduces the water availability
to irrigated crops. Concentration of carbonates and bicarbonates above 500 mg/I can
also cause soil deflocculation.

Among numerous hazardous materials, heavy metals are extremely persistent
in the environment. Further they are non-biodegradable and non-thermo-degradable
(Cao and Hu, 2000). Long-term use of wastewaters on agricultural lands often results
in their build-up to the elevated levels in the arable layer of soils (Rattan et al., 2002).
Extent of build-up of metals in waste water-irrigated soils depends on the period of its
application (Bansal et al., 1992; Palaniswami and Sree Ramulu, 1994). Contamination
of soils and crops due to wastewater irrigation are widely reported from different parts
of the world. For example it has been estimated that about 45% of wastewater
irrigated areas in China are contaminated with very alarming levels of heavy metals.
Not only in China, this problem is emergent in several other countries like Germany,
France and India as well (Ingwersen and Streck, 2006; Dere et al., 2006; Singh and
Kumar, 2006). In several studies, it is established that solubility of metals in soils
mainly depends on soil pH and organic carbon (Jopony and Young, 1994; Hough et
al., 2003; Tye et al., 2003). When the capacity of the soil to retain heavy metals is
reduced due to repeated use of domestic wastewater, soil can release heavy metals
into ground water or soil solution available for plant uptake (Sharma et al., 2007).
Generally a metal will not be absorbed by the plants unless it first reaches a threshold
concentration in the soil. Metals are bound to soil with pH above 6.5 and high organic
matter content. At lower than 6.5 pH, organic matter is consumed and metals become
mobile and can thus be readily absorbed by the crops and contaminate water bodies
(WHO, 2006). Cadmium, copper, molybdenum, nickel and zinc are frequently present
in wastewaters and can be easily mobilized and absorbed by the plants. In fact long
term high metal concentrations are known to pose serious threats to the stabilization

and health of soil ecosystems.
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Wastewater use in agriculture also adds soil organic matter (SOC) which
enriches the humic content that increases soil moisture, retains metals (through
cationic exchange and the formation of organometallic compounds) and enhances
microbial activity. Some estimates show that such an increase in the SOC by 0.01%
can lead to carbon sequestration equivalent to the annual increase in the atmospheric
CO,-C (Lal et al., 1998). Thus long-term application of sewage effluents is a carbon-
building/sequestering and soil quality sustaining practice and thus plays a major role
in nutrient cycling. However, there are many studies that also illustrate their negative
impacts on the soil microbial biomass, microbial structure, microbial diversity and
thus enzyme activities and C/ N mineralization.

Among different wastewater treatment technologies constructed wetlands are
now a day becoming one of the more focussed research areas in the world. Due to less
demand for energy, skilled persons and optimum treatment level, its scope for safe
agricultural wastewater disposal is more in the developing countries. However, its
evaluation in the actual field conditions is necessary before its large scale application/
adoption. One such wetland technology based pilot sewage water treatment plant (of
1500 LPD capacity) is in operation since November 2009, at the sewage plot site of
Indian Agricultural Research Institute (IARI) farmlands. Thus, the main objective of
the present study was to assess impact of the aforementioned wetland - treated sewage
water applications on the nutrient and the heavy metal load of the experimental

sewage plot site.
4.2 Material and methods

A pilot scale vertical sub-surface flow (VSSF) constructed wetland system
was developed and sited near a domestic sewage water drain on a 350 m? land area
(28°38'21.3" N and 77°08'56.5" E) within the Seed Production Unit (SPU) farm of the
Indian Agricultural Research Institute (IARI).Sewage water generated from the IARI
micro watershed containing moderate organic load, lab chemical compounds and
heavy metals was treated and applied in eighteen Paddy-Wheat cultivated micro-plots,
each having size 1.8m x1.5m of area (2.7 m?), adjacent to the treatment plant
(mesocosm) for two years (including my one year experiment). The experimental
field has sandy loam type soil and a pre-contaminated history with sewage. The six
treatments viz. Typha latifolia (Cattail) treated water (TW), Phragmites karka (Reed)
treated water (PW), Acorus calamus (Vacha) treated water (VW), Control (No
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vegetation) treated water (CW), raw Sewage water (SW) and Ground water (GW)
irrigation micro-plots were arranged in randomized block design (RBD) in three
replicates.

Wheat (Variety HD-2894) was grown with three irrigations (each of 2 cm or
54 litres) in a month and Paddy (Pusa Basmati-1121) with irrigation (each of 2 cm or
54 litres) at each alternate day. Initial basal fertilizer dose was also applied in each
micro-plot @ 35g Urea/plot, 17.5g DAP/plot & 17.5g MOP/plot in both Wheat and
Paddy crop. The water sampling dates were coincided with the field-irrigation dates.
The effluent water samples from each mesocosm and the sewage and groundwater
samples were collected thrice every month , at approximately 20 days interval, during
Rabi (Nov. — March) season and on alternate days during Kharif (June — Oct.) season.
Monthly suitable composite samples were prepared in 500 ml capacity plastic bottles.
The pH, electrical conductivity (EC), total dissolved solids (TDS), dissolved oxygen
(DO), oxidation-reduction potential (ORP), salinity and temperature of the water
samples were determined by HORIBA U-51 probe while turbidity by turbidimeter
(Hach-2100P-Turbidimeter) and then water samples were immediately transferred to
the laboratory and stored in a refrigerator at 4°C until further analysis of the
remaining physico-chemical parameters. The same water samples were also collected
in 100 ml capacity plastic bottles. These were immediately acidified with 1 N HNO;
for heavy metal analysis.

In case of wheat, the soil sampling was done one before sowing (Nov. 2010),
one at mid-crop season (Feb. 2011) and one at the end of the wheat crop season (April
2011). While in case of paddy, the last soil sampling of wheat season was assumed as
the begining sample for paddy season and final soil sampling was done at the end of
the paddy crop season (Nov. 2011). The top (0-30 cm) soil layer samples from each
micro-plot were collected randomly from five spots by a core sampler to form a bulk
(500 g) soil sample. The soil samples were packed in pre-marked polyethylene bags
and immediately transferred to the laboratory, where these were processed i.e. air
dried, crushed, ground and sieved through a 2-mm sieve.

pH and Electrical conductivities (EC) of 1:5 (Soil: Distilled water) extracts
were determined by means of a pre-calibrated pH and conductivity meters (Jackson,
1973). Carbonate (COs>? bicarbonate (HCO3) and chloride (CI) concentrations
(meg/l) of influent/ effluent water samples were determined titrimetrically (Richards,
1954). Calcium (Ca) and Magnesium (Mg) concentrations (meg/L) by Versenate
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(Ethylene-Di-Amine-Tetra-Acetic Acid, EDTA) titration method (Jackson, 1973) and
fluoride concentrations (F, ppm) by SPADNS colorimetric method (Bellack &
Schouboe, 1968). Nitrate concentrations (NOs;, ppm) were determined by ultraviolet
spectroscopic screening method; sulphate concentrations (SOg4, ppm) by turbidimetric
method (Clesceri et al., 1998); phosphate concentrations (PO,4, ppm) in water (though
amino acid method) and soil (through Olsen’s method; Olsen et al., 1954), by means
of a UV-VIS spectrophotometer (Hach DR-5000). Sodium (Na) and potassium (K)
concentrations were determined by flame photometer (Elico CL-361, Jackson, 1973)
and Oxidisable Organic Carbon (OOC) through chromic acid oxidation method
(Walkley and Black, 1934). Soil bio-available (DTPA extractable) and total heavy
metal (digested using di-acid mixture i.e. HNO3:HCIO,4:: 9:4) concentrations viz. Fe,
Mn, Zn were determined through an atomic absorption spectrometer (ECIL AAS4141
model) while Ni, Cd, Cr, Co, Cu and Pb by means of a Polarographic Trace Lab
Analyzer (POL150 model; Wang, 1989).

Extent of pollutant transfer from irrigation water to soil was assessed in terms
of the Pollution Load Index (PLI, Tomlison et al., 1980). PLI quantifies the overall
contamination of soil, due to poor quality water applications, in terms of say all heavy
metals. Pollution Load Index (PLI) value close to 1 indicates pollution (or heavy
metal) load close to background level, while PLI above 1 indicates soil pollution more
than background levels (Cabrera et al., 1999). As the soil of the experimental site was
earlier contaminated due to raw sewage application therefore, in this study the CF and

PLI were calculated in the following manner:
1/n

PLI = (CF xCF xCF......xCF )

where, CF; is the Contamination Factor (Hakanson, 1980) of each pollutant and was
obtained as:

i
CF=C /C
(W] n
where, C, is mean concentration of a specific pollutant in treated sewage irrigated

micro-plot, and C', is mean concentration of the same pollutant in the sewage water

irrigated micro-plot.

4.3 Results and Discussions



75

During the study period, temperature, pH and dissolved oxygen levels of the
untreated sewage waters were observed to be within the permissible limits (i.e. 30°C,
8.0 and 5mg/l) while turbidity (67.01 + 42.57 NTU) was found to be mostly beyond
permissible level (50 NTU) (Figure 4.1c). In comparison to these, the wetland treated
sewage waters were associated with significantly (40 to 74%) lower turbidity (17.70
NTU), nitrate (2.78 ppm, Figure 4.4a), phosphate (11.75 ppm, Figure 4.4b) and
potassium (9.39 ppm, Figure 4.6b) levels. Sulphate, fluoride, EC and TDS levels
(Figure 4.4c, 4.2a, 4.3b and 4.3a) of the irrigation waters were also in general found to
be within the permissible limits. Amongst heavy metals, chromium, manganese and
iron were the key contaminants (Figure 4.10, 4.8a and 4.8c) that were present in their
more than permissible levels. Rest metals viz. nickel, lead, zinc (Figure 4.9a, 4.9b and
4.8b), though present in appreciable amounts, were within their safe limits.

Continuous application of treated sewage waters, on the historically sewage
water irrigated site, revealed that electrical conductivity of soil (ECw, Figure 4.11a)
after a slight increase from an initial level 0.32 £ 0.02 dS/m in Nov. 2009 to 0.73 +
0.16 dS/m in Nov. 2010 finally reverted back to its initial level of around 0.29 + 0.08
dS/m in Nov. 2011. Exchangeable Sodium Percentage (ESP, Figure 4.11b) value also
increased from an initial level of 1.72 + 0.23% to 5.44 + 2.39% during first year and
finally reverted back to 1.66 + 0.52 in the second year. However, treated sewage
water applications could significantly reduce excessive soil potassium concentrations
(Figure 4.11c) from an initial (beyond permissible) level of 219.19 + 12.66 mg/kg to
125.27 + 10.57 mg/kg. Similarly soil nitrate (Figure 4.11d) and phosphate
concentrations (Figure 4.11e) also seem to be decreasing from initial levels of 22.44 +
1.95 mg/kg and 28.74 + 1.36 mg/kg respectively to 2.60 + 1.61 mg/kg and 17.97 +
1.73 mg/kg, respectively thereby showing a significant impact of water treatment on
the soil nutrient load.

Within 2-years of treated sewage water applications, soil bio-available pool of
nickel (Figure 4.13a) decreased from an initial unsafe level of 1.86 + 0.48 mg/kg to a
safe level of 0.30 £ 0.11 mg/kg. Soil bio-available chromium concentrations (Figure
4.13b) also decreased from an initial level of 5.71 + 0.88 mg/kg to 1.57 = 0.07 mg/kg
after two years. Though it was still above its permissible level yet it was mostly in
Cr® form and very less in toxic, Cr®* form thereby illustrating a positive impact of
treated wastewater applications. Lead bio-available concentrations (Figure 4.13c)
were also initially high (7.03 £ 1.32 mg/kg) and beyond safe limit (5 mg/kg) and
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decreased to (3.33 £ 0.79 mg/kg), in 2 years of the experimental period. Similarly
manganese and iron concentrations (Figure 4.12a and 4.12c), though still far beyond
their permissible levels (0.2 ppm and 5 ppm, respectively), could be significantly
reduced from (27 £ 1.66 mg/kg) and (68.77 £ 1.05 mg/kg) levels, respectively to
(4.69 £ 0.60 mg/kg) and (31.45 * 3.74 mg/kg), respectively during 2-years. Soil bio-
available zinc concentration (Figure 4.12b) changed insignificantly from (6.38 £ 0.55
mg/kg) to (5.81 £ 0.51 mg/kg) and cadmium and copper concentration were found to
be below detection limits throughout the research period.

Though total initial soil heavy metal load w.r.t. nickel was observed to be
within permissible limit (75 mg/kg) yet, due to short term irrigations with treated
wastewaters on the historically contaminated site, its level decreased significantly
from (42.79 + 15.58 mg/kg) to (7.93 + 1.12 mg/kg). This was also observed to be the
case with lead contamination, which was initially higher than the safe limit (84
mg/kg) and eventually decreased from an initial level of 104.51 + 21.17 mg/kg to
17.32 £ 3.44 mg/kg during the experimental period. During kharif season, (total) soil
nickel, lead and cobalt contamination (Table 4.2, Figure 4.16a and 4.16b) of the
experimental micro-plots irrigated with treated wastewaters discharged from Typha
latifolia based wetland systems was about 17, 30 and 61% lower than those for the
sewage water irrigated micro-plots. However, these seem to be reverting back to their
(latest within permissible) background levels for the sewage water irrigated micro-
plots during rabi season (Table 4.4, Figure 4.16¢ and 4.16d). During rabi season, due
to differential pollutant removal efficiency of the varied (so far not harvested) wetland
systems, micro-plots receiving treated wastewaters from unplanted mesocosms and
Typha sp. / Acorus sp. based wetland systems were found to be associated with
significantly lower soil Pb and Ni-contaminations, respectively than those receiving
treated wastewaters from other wetland systems. This could also be illustrated by the
metal pollution load indices (PLIs) for the kharif (Table 4.5 and Figure 4.17c) and
rabi seasons (Table 4.5 and Figure 4.17d). Thus continuous application of treated
wastewaters, with significantly lower nutrient and metal concentrations, could
considerably reduce pollution load in the historically sewage water irrigated soils.

However, concentration of total soil chromium (Figure 4.15b), that was about
1.7 times more than its permissible limit of (150 mg/kg) in the historically sewage

water irrigated soils, remained unchanged throughout the experimental period thereb



Table 4.1: Contamination factor of different metals with respect to ground water (CFgw) for paddy
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SAMPLE Ni Co Pb Cr Mn Zn Fe
T™W 1.52+0.15 1.67+1.70 0.96 + 0.10 1.19+0.04 1.00 + 0.06 1.57+0.43 1.00+0.01
PW 1.48+0.79 4.21+4.33 0.96 +0.18 1.05 +0.08 1.03+0.17 0.99 +0.10 1.00 +0.03
VW 2.01+0.53 2.94 +3.02 0.41+0.41 1.00 +0.01 1.04 +0.04 1.10+0.19 0.99 +0.02
CW 2.16 +0.87 4.36 + 6.04 1.00 £ 0.51 1.05+0.12 0.98+0.11 1.20 £ 0.32 0.99 +0.02
sw 1.87+0.41 3.73+3.07 1.44+0.29 1.00 +0.01 0.98 +0.14 1.07+0.26 0.99 +0.01

Table 4.2: Contamination factor of different metals with respect to sewage water (CFsw) for paddy

SAMPLE Ni Co Pb Cr Mn Zn Fe
W 0.83+0.18 0.39+0.10 0.70 £ 0.22 1.19+0.04 1.03+0.12 1.47+0.20 1.01+0.02
PW 0.76 +0.33 1.06 +0.28 0.70 + 0.26 1.04 +0.09 1.05 +0.03 0.97 £ 0.26 1.00 £ 0.02
VW 1.09 +0.29 0.80+0.31 0.89+0.14 0.99 +0.01 1.06 £ 0.13 1.04+0.10 1.00£0.01
CW 1.17 £ 0.47 0.96 + 0.69 0.67 £ 0.22 1.05+0.11 1.00 £ 0.07 1.15+0.32 1.00 £ 0.01
GW 0.55+0.11 0.50 +0.48 0.72+0.15 1.00 +0.01 1.03+0.15 0.98 + 0.27 1.01+0.01




Table 4.3: Contamination factor of different metals with respect to ground water (CFgw) for wheat

SAMPLE Ni Pb Cr Mn Zn Fe
T™W 0.66 +0.05 2.10+1.05 1.00 1.01+0.04 1.08 £0.08 0.99 +0.04
PW 1.12+0.62 3.03+0.83 1.00 1.12+0.10 1.01+0.06 0.99 +0.02
VW 0.64+0.11 1.88+0.45 1.00 0.98 £0.05 1.00+0.05 0.98 £ 0.02
Cw 0.98 £0.29 158 +0.44 1.00 1.08 +0.06 1.07 +0.08 1.01+0.03
SW 0.66 £ 0.17 1.48+0.33 1.00 1.08 +0.08 0.99 £0.12 1.00+0.01

Table 4.4: Contamination factor of different metals with respect to sewage water (CFsw) for wheat

SAMPLE Ni Pb Cr Mn Zn Fe
™ 1.04 +0.17 1.52+1.02 1.00 0.94+£0.04 1.11+0.21 0.99+£0.03
PW 1.63£0.53 2.04+0.11 1.00 1.05+0.17 1.04 +0.17 0.99 £ 0.01
VW 0.99+0.08 1.27 £0.05 1.00 0.91+0.06 1.02+0.16 0.98 £ 0.01
Cw 1.59 £ 0.73 1.06 £ 0.06 1.00 1.00 £ 0.03 1.10+0.19 1.01+0.02
GW 1.59+0.35 0.70+0.16 1.00 0.93+0.07 1.02+0.12 1.00+0.01




Table 4.5: Pollution Load Index with respect to sewage water (PLIsw) of wheat and
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paddy
Paddy

Season-1 Season-11 Season-| Season-11
™ 1.17+0.11 1.06 +0.14 1.05+0.10 0.87 £0.02
PW 1.23+£0.08 1.23+£0.08 0.99+0.11 0.91+0.08
VW 1.15+0.10 1.02 £0.02 0.98 +0.08 0.97£0.11
Cw 1.04+£0.04 1.10£0.08 1.04 £0.10 0.95+0.23
GwW 1.00 £ 0.08 1.02+0.12 0.76 £0.11

Table 4.6: Pollution Load Index with respect to ground water (PLIgw) of wheat and

paddy
PLIcw
SAMPLE Paddy Wheat
T™W 1.16 £0.15 1.05+£0.09
PW 1.23+0.29 1.23+0.18
VW 1.29+0.23 1.02 £ 0.08
Ccw 1.29+0.44 1.09 £0.01
SW 1.34+0.20 1.00 £0.09
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indicating no (short term) chromium de-contamination of the treated
wastewater irrigated soils. Cadmium and copper were undetected and thus well within
their safe limits throughout the research period.

Total iron concentration (Figure 4.14c) was also initially higher than its
permissible limit (5000 mg/kg) and dropped to (4539.07 + 11.82 mg/kg) from an
initial level of (6931.33 £ 144.51 mg/kg) due to continuous application of treated
wastewaters. Soil manganese concentration (Figure 4.14a), on the other hand was
within safe limit (500 mg/kg) throughout the research period and changed
insignificantly between (238.63 + 66.08 mg/kg) to (301.47 £ 7.84 mg/kg). Similarly
zinc level (Figure 4.14b) was also within its safe limit (300 mg/kg) and fluctuated
mostly between (158.11 + 60.89 mg/kg) during the experimental period. This could
also be re-confirmed by the soil Fe, Mn and Zn concentration factors (Figure 4.16a,
4.16b, 4.16c and 4.16d) of the micro-plots receiving treated wastewaters, during both
kharif and rabi seasons. The investigation thus indicated no depletion of soil micro-

nutrients in non-wastewater irrigated soils.
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Figure 4.1: Monthly variation in (a) Temperature, (b) Dissolved Oxygen and (c) Turbidity in
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Figure 4.2: Monthly variation in (a) Fluoride (b) pH and (c) Oxidation Reduction Potential
value in different irrigation water
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Figure 4.3: Monthly variation in (a) Total Dissolved Solid, (b) Electrical Conductivity and (c)
Salinity in different irrigation water
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Figure 4.13: Variation in soil bioavailable metal (a) Nickel, (b) Chromium and (c) Lead concentration
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RESEARCH PAPER-II

To assess impact of wetland treated sewage water applications on the

agricultural produce from sewage plot site

Abstract

The impact of the untreated and treated sewage waters on the health and quality of the
Wheat and Paddy crops was estimated in terms of plant/ seed parameters, individual
metal translocation pattern and food grain metal sequestration threat. The positive
impact of water treatment could be best expressed in terms of the test weight and 100
seed weight of the Paddy crop, as it was found to be significantly lower for the
wastewater irrigated crop. Further, though total number of tillers and length of panicle
were not significantly different for the treated and the untreated sewage waters, yet
total number of unproductive tillers and the unfilled seeds per panicle were
significantly higher in the sewage water irrigated paddy crop. These differences were
not very evident in the relatively low water demanding crop i.e. wheat seeds produced
from treated/ untreated wastewaters. However, number of termite and fungal infected
tillers in both wheat and paddy were observed to be higher in the sewage water
irrigated micro-plots. Individual metal translocation patterns in the wheat and paddy
crop plants revealed higher food grain metal sequestration threat in wheat. In general,
wheat grains produced with treated wastewater discharged from wetlands containing
Phragmites karka and Acorus calamus were observed to be sequestering significantly
lower lead and nickel/ cadmium concentrations, respectively than those produced with
the untreated sewage waters. Similarly paddy grains produced with treated sewage
waters discharged from the wetlands containing Phragmites karka and Acorus
calamus/ unplanted mesocosm seemed to be sequestering significantly lower

cadmium and iron, respectively.
5.1 Introduction

Water resources scarcity, accessibility, and environmental degradation are the
major challenges facing most of the countries including India. An increasing number
of countries are now approaching full utilization of their surface and ground freshwater
resources. Most of the economically viable development of these resources has been
already implemented. In this context treated and re-used sewage water is becoming a

common source for additional water in water scarce regions.
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Agricultural re-use of wastewater closes the loop between water demand and
wastewater disposal since agriculture is the largest user of water (nearly 70% and
>90% in some countries) (Gleick, 2000; FAO, 2008). At present, at least one-tenth of
the world’s population consumes crops irrigated with untreated or poorly treated
wastewater, mostly in developing countries in Africa, Asia and Latin America (Smith
& Nasr, 1992).

Sewage water contains a lot of plant nutrients whose agricultural re-use helps
in nutrient recycling and soil organic matter and fertility increase. However, its
unplanned and improper re-use may also lead to excessive build-up of inorganic ions,
heavy metals and pathogenic microbes in soil. For instance irrigation waters
containing large amounts of sodium, chloride or boron may cause plant/ leaf injury.
Excessive necrosis (dead tissue) is often accompanied by early leaf drop or
defoliation. The typical visible symptom of boron toxicity is leaf burn chlorotic and/or
necrotic patches, often at the margins and tips of older leaves (Bergmann, 1992;
Eaton, 1944). Together with such in-organic ions, plants absorb numerous elements
from soil. Some of the absorbed elements are referred to as essentials because they are
required for plants to complete their life cycle (Arnon and Stout, 1939). Certain
essential transition elements such as iron, manganese, molybdenum, copper, zinc, and
nickel are known as micronutrients because they are required by plants in minute
quantities (Arnon and Stout, 1939). However, plants also absorb elements which have
no known biological function and are even known to be toxic at lower concentrations.
Among these are arsenic, cadmium, chromium, mercury, and lead. When plants are
exposed to excessive heavy metals in soil, they exhibit symptoms of phytotoxicity
such as inhibition of seed germination, decreased plant height, decreased tillering,
reduced root growth, decreased shoot growth, leaf chlorosis and necrosis, decreased
chlorophyll metabolism, and lower fruit and grain yield. Such exposure may also
sometimes lead to plant death (Rahman et al., 2007).

Several studies have shown that important soil factors affecting crop metal
concentration are soil texture, pH, specific metals concentration, organic matter, and
complexing ligands (McLaughlin et al., 1997; Jansson and Oborn, 2000). The metal
concentration in crops tends to be the highest in soils with low pH, low organic matter
content, high soil metal concentration. Generally a metal will not be absorbed by the
plants unless it first reaches a threshold concentration in the soil. Metals are bound to
soil with pH above 6.5 and high organic matter content. At pH level below this
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organic matter is consumed and metals become mobile and can be absorbed by crops
and contaminate water bodies (WHO, 2006). Cadmium, copper, molybdenum, nickel
and zinc are frequently present in wastewater and can be mobilized easily and thus
absorbed by plants.

Plants have strategies to partition these metals, in different proportions, in
different plant parts like root, shoot and grains. Studies on uptake of heavy metals by
plants have shown that heavy metals can be transported passively from root to shoot
through the xylem vessels (Krijger et al. 1999) but redistribution into the storage
organs is largely phloem-dependant and heavy metals have poor mobility in the
phloem. Generally, toxic metal accumulation in various plant tissues were reported in
the order roots > leaves > stems > inflorescences > seeds. However, it differ from
crop to crop and nature of metals ions. Generally vegetables having shorter life
period, faster growth, larger leaf area and thus larger transpiration rates area
associated with more water and nutrient absorption than cereals and thus show higher
soil metal absorption/ accumulation efficiency than cereals. However among different
vegetables leafy vegetables accumulate more metals than root crops (Nielsen et al.
1998; Puschenreiter et al. 2005). High concentration of metals in the agricultural
produce may further affect consumer health and thus whole food chain.

Environmental and human health risks due to wastewater agriculture/ use can
be minimized by suitable treatment of wastewater before use, careful handling, wise
application and proper awareness. Non-conventional wastewater treatment methods
include the use of low-cost systems such as on-farm ponds, sedimentation traps, bio
sand-filters and constructed wetlands. Of these, wetland systems have shown promise
in achieving large reductions in nutrient/ toxic levels and in coliform bacteria.
However, there are very few studies to account for an overall impact of the wetland
treated wastewaters on the quality of agricultural produce and thus human health.

With this in background, the present investigation was primarily aimed at
assessing impact of wetland treated sewage water applications on the agricultural
produce from a historically sewage water irrigated site at Indian Agricultural Research

Institute.
5.2 Material and methods

A pilot scale vertical sub-surface flow (VSSF) constructed wetland system

was developed and sited, near a domestic sewage water drain, on a350 m? land
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area (28°38'21.3" N and 77°08'56.5" E) within the Seed Production Unit
(SPU) farm of the Indian Agricultural Research Institute (IARI). Sewage waters
generated from the IARI micro-watershed (containing moderate organic load, lab
chemical compounds and heavy metals) were passed through the aforementioned
treatment wetlands with 4 replicates of Typha latifolia (Cattail), Phragmites karka
(Reed), Acorus calamus (Vacha) and six replicates of unplanted mesocosms to
generate 4 types of treated wastewaters such as Typha latifolia (Cattail) treated water
(TW), Phragmites karka (Reed) treated water (PW), Acorus calamus (Vacha) treated
water (VW), Control (No vegetation) treated water (CW). These 4 types of treated
waters (discharged from the aforementioned treatment wetlands) along with the 2-
business-as-usual irrigation strategies viz. the sewage (SW) and ground waters (GW)
irrigations were then used for irrigating paddy (Pusa Basmati-1121) and wheat
(\Variety HD-2894) crops, as per the standard agronomic practices, in the adjacent 18 -
micro-plots (each of 1.8m x 1.5m = 2.7 m? size), with sandy loam type soil and pre-
contaminated history of sewage water application. The aforementioned six irrigation
treatments viz. Typha latifolia (Cattail) treated water (TW), Phragmites karka (Reed)
treated water (PW), Acorus calamus (Vacha) treated water (VW), Control (No
vegetation) treated water (CW), Raw Sewage water (SW) and Ground water (GW)
irrigation micro-plots were arranged in randomized block design (RBD); each with
three replications.

For analysing the impact of water treatments on the crop plants and their
produce, plant samples were collected. In case of wheat, four plants each of three
height groups viz. long (Main), medium (Mid) & short (Low) of total twelve healthy
plants and in case of paddy, three tillers of three height groups viz. long (Main),
medium (Mid) & short (Lower) of total five healthy plants per each micro-plot were
randomly tagged, just after grain filling stage and used for analysis. These tagged
plants having intact root were sampled with khurpi just before harvesting of the rest of
the plants. Each micro-plot plant sample was bundled and immediately transferred to
laboratory and air dried. On the air dried plant samples different plant parameters (as
detailed in section 3.3.2.3) were analysed and their separated root, shoot and grain
parts were packed in brown envelopes. Root and shoot parts were oven dried (at
55°C) and ground (individually) along with grains through a milling machine and
subjected to micro-nutrient (viz. Zn, Cu, Fe, Mn) and trace metal (viz. Cd, Cr, Co,
Ni, Pb) analysis as per the procedure detailed in section (3.3.2.3). All samples were
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analysed in triplicate; with due quality control ensured through careful
standardization, procedural blank measurements and duplicate samples in the Hydro-
informatics and Wetland bio-geochemistry laboratories of the Division of
Environmental Sciences, IARI. Seed germination tests were performed in the seed
testing laboratory of Seed Science Technology Division of IARI.

Extent of pollutant transfer from soil to plant and its transfer/ translocation to
different plant parts was evaluated through bio-concentration (BCF, Barman et al.,
2000) and translocation factors (TF, Cui et al., 2004). Their computational procedures
are detailed in section 3.4). Enrichment factors (EF, Buat-Menard & Chesselet, 1979)
for estimating translocation of each heavy metal from the contaminated soil to the
plant tissue, w.r.t. the good quality water irrigated soils, was also computed as per the
procedures detailed in section 3.4). Enrichment factor of heavy metals depends upon
bioavailability of metals, which in turn depends upon its concentration in soil, their
chemical forms, difference in uptake capability and growth rate of different plant
species (Tinker, 1981). Higher values of enrichment factor (EF) suggest poor

retention of metals in soil and/or their more translocation in plants.
5.3 Results and Discussions

The impact of the untreated and treated sewage waters on the health and
quality of the Wheat and Paddy crops was estimated in terms of plant/ seed
parameters, individual metal translocation pattern and food grain metal sequestration
threat.

Plant and seed parameters

The analysis showed that the biological yield of Wheat (Figure 5.1b) and
Paddy (Figure 5.1a) crops irrigated with the treated and the untreated sewage waters
were not significantly different. In general, the economic yield and harvest index of
the Wheat (Figure 5.1d and 5.4d) and Paddy (Figure 5.1c and 5.4c) crops, irrigated
with treated and untreated sewage waters, were also not significantly different.
However, in case of the Paddy crop, both economic yield (2.03 = 0.05 kg/plot) and
harvest index (0.39 £ 0.04) were found to be significantly higher with the treated
irrigation waters discharged from the unplanted (CW) wetlands. Paddy crop is
generally associated with larger amounts of irrigation water applications and thus
pollutant exposure. Long term pollutant mass reduction efficiency of varied wetland

systems (Kaur et al., 2011) indicated that over two years the unplanted wetlands,
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associated with higher hydraulic retention time (HRT ~ 2.5 days), could yield about
10 to 20% higher pollutant mass reduction than the rest of the (so far not harvested)
planted wetland systems (associated with lower HRTs i.e. ~ 14 to 16 hrs.). Thus, as
expected, it appears that lower nutrient and metal loads in the irrigation waters treated
and discharged by the unplanted mesocosms/ wetlands translated into higher
economic yield and harvest index in the paddy crop. However, these differences were
not significant in the wheat crop due to the incorporation of far lower (just 1/3™)
irrigation volumes and thus exposure to pollutants in the plant root zone.

The positive impact of water treatment could be best expressed in terms of the
test weight/ 100 seed weight of the Paddy crop (Figure 5.3d and 5.3¢e) as it was found
to be significantly lower for the wastewater (SW) irrigated crop. Even the
groundwater (GW) irrigated crop could not yield as high test/ 100 seed weight as the
treated wastewater irrigated crop.

Though, total number of tillers and length of the panicle (both economic
portion and panicle exertion length) were not significantly different for the treated and
the untreated sewage waters, yet total number of unproductive tillers (Figure 5.3c) and
the unfilled seeds per panicle (Figure 5.3a) were significantly higher in the sewage
water irrigated paddy crop.

Vigour Index-I and 11 were also computed for the paddy and the wheat seeds.
The analysis clearly depicted that sewage water produced paddy seeds were
associated with significantly lower vigour than those produced through the treated
wastewaters. However these differences were not very evident in the relatively low
water demanding crop i.e. wheat seeds produced from treated/ untreated wastewaters.

Even total number of fungal infected tillers was significantly lower in the
treated sewage water irrigated crop (Figure 5.4a). Amongst the treated sewage water
irrigated micro-plots, those receiving treated wastewaters from the unplanted
mesocosms/ wetland (CW) were observed to be associated with the lowest fungal
attack. This was also observed to be the case for the termite infected Wheat tillers
(Figure 5.4b), which were observed to be more infected in the sewage water irrigated

plots.
Metal translocation pattern and food grain metal sequestration

Individual metal bio-concentration (Table 5.1 and 5.2; Figure 5.14, 5.15, 5.16
and 5.17) and translocation pattern (Table 5.3 and 5.4; Figure 5.18, 5.19, 5.20 and



104

5.21) in the Paddy and Wheat crops were also worked out. The analysis clearly
revealed that unlike paddy crop, wherein metal translocation pattern was roots >>
shoots > grains; in wheat crop there seemed to be a proportionately higher
translocation of metals (in general) to the shoots and the grains. For instance though
of the total soil metal load present, the percent soil metal bio-available pool
concentrations for the Fe (1%), Zn (5-7%), and Pb (15-16%) were the same for both
wheat and paddy soils, yet only about 1.7% (Figure 5.16c), 26% (Figure 5.16b), and
61% (Figure 5.17b), respectively could be translocated to the paddy grains while 11%
(Figure 5.14c), 166% (Figure 5.14b), and 83% (Figure 5.15b), respectively could be
translocated to the wheat grains. Similarly in the case of Mn and Cr, the average
percent metal translocation to paddy grains was 18.9% (Figure 5.20a) and 10%
(Figure 5.21d), respectively while that in wheat grains was 203% (Figure 5.18a) and
23% (Figure 5.19d), respectively. However, it was observed that this could also be to
some extent due to higher Mn and Cr bio-available pool concentrations in the wheat
soils (Mn: 14%; Cr: 4%) as compared to the paddy soils (Mn: 7%; Cr: 1%). Thus, in
general, wheat grains seemed to be at more risk to food grain metal contamination

than the paddy grains.



Table 5.1: Bio-concentration factor of various metals in wheat
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METAL T™W PW VW CWwW SW GW

Ni Root 52.55+8.13 46.90 £ 3.91 65.72+4.20 80.09 * 14.66 70.87 +7.17 134.07 + 14.03
Shoot 64.42 + 14.46 52.93+1.65 81.60 +12.34 98.58 +11.14 84.22 +5.24 168.27 + 18.83
Grain 54.20+4.91 38.02 +3.12 52.60 +7.64 66.56 *+ 8.20 57.10+1.28 100.79 + 3.86

Cr Root 71.06 + 18.06 88.20 + 10.22 87.32+2.78 75.93+0.10 86.15 + 3.76 7405+ 1.11
Shoot 7124 +17.76 88.20 + 10.22 86.92 + 2.63 75.93+0.10 86.70 + 3.82 7405+ 1.11
Grain 18.03 £ 6.57 18.29 £1.82 17.38 £ 0.53 18.00 + 3.28 21.85+2.44 17.69 +2.49

Pb Root 5.67+1.97 3.39+0.98 245 +0.46 3.15 +0.56 2.52+0.81 2.59 +0.28
Shoot 4.75+0.79 2.33+1.08 1.87 +0.27 3.05+0.78 1.90 +0.40 1.78 +0.10
Grain 3.24 +£1.00 1.22 +0.52 1.77+1.18 3.15+0.95 2.75+1.37 2.63 +0.06

Mn Root 1.60 £ 0.67 1.00 £ 0.26 1.05+0.24 1.59 +0.35 0.87 £0.32 1.14+0.31
Shoot 0.97+0.11 1.02 £0.17 1.07 £0.30 1.17+£0.26 0.87 +0.25 0.87+0.24
Grain 2.14+0.14 222+1.33 2.23+1.43 3.75+1.29 2.09+1.29 1.20+0.29

Zn Root 539+1.44 4.58 +0.95 6.25+0.33 481+151 4.26 +1.52 492 +1.43
Shoot 3.97+0.37 3.76 +0.43 3.68 +0.33 3.33+0.81 3.54+0.21 3.04 £0.70
Grain 7.88+0.71 8.52 +2.35 8.50+0.41 7.47 +1.06 7.65+1.09 7.88+0.74

Fe Root 29.63 +14.14 24.81 £6.33 23.02 £6.30 27.01+£10.07 23.35+11.38 27.85+7.87
Shoot 12.62+0.31 13.67 +4.88 13.09 + 3.58 13.40 +1.45 11.82 +0.33 14.29 + 6.52
Grain 4.35+2.84 244 +£1.92 4.01 +3.38 1.67+£0.91 1.95+0.70 0.82+0.45




Table 5.2: Bio-concentration factor of various metals in paddy
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METAL ™ PW VW Cw SwW GW
Ni Root 35.66 + 15.45 33.70 £2.29 79.58 +34.89 36.78 +29.77 34.81 +13.26 51.47 +14.95
Shoot 14.34 +£1.54 13.64 +5.05 19.83 +4.18 9.73 +2.88 18.44 +5.43 16.37+£4.20
Grain 18.49 +1.78 12.42 +2.20 39.77 +14.66 8.98 +0.63 12.42 +2.84 15.93+2.78
Cr Root 164.36 + 33.05 165.92 +15.49 165.44 +8.47 163.37 + 18.66 151.72 + 8.22 167.62 + 3.15
Shoot 18.45 +3.03 16.52 +1.58 16.85 +1.30 17.19+2.47 15.36 +£ 0.53 16.76 £ 0.31
Grain 16.36 + 3.33 16.38 +1.56 16.54 +0.85 16.34 +1.87 14.80 £ 0.76 16.76 £ 0.31
Pb Root 5.32 +£0.99 8.34+1.74 0.13 +£0.13 7.18 +0.25 4.59 +0.59 422 +0.34
Shoot 1.79 +0.67 3.76 +0.40 0.07 +£0.07 2.26 +0.15 3.95+0.18 3.31+0.25
Grain 4.15 £0.49 1.71 £0.77 112 £1.12 3.11 +0.94 2.29+1.00 6.43 + 0.60
Mn Root 24.62 £7.54 19.71 +5.78 15.79 +6.91 9.13 +2.17 10.87 +4.34 545+ 157
Shoot 8.88 +2.48 7.07 +7.02 474 +211 5.80 +2.44 444 £1.59 1.70 + 1.56
Grain 2.68 +0.85 3.30 +0.86 1.88 £1.05 2.46 +0.56 2.35+0.17 1.24 +0.96
Zn Root 9.50 +2.56 11.78 +2.97 11.38 +2.62 11.65 +5.58 13.68 + 3.81 8.54 +2.17
Shoot 5.80 +£2.10 7.51 +047 6.42 +0.70 6.64 +2.76 7.83 +2.26 7.08 + 2.05
Grain 3.32 £1.39 3.26 £1.23 3.56 +2.20 2.00 £0.97 3.11+0.17 1.90+1.33
Fe Root 127.77 +£29.22 132.07 +£12.74 128.89 +20.11 15451 +7.37 131.54 +11.61 135.36 + 23.23
Shoot 10.62 +2.46 10.64 +2.39 10.72 +2.06 14.28 +0.75 13.37+2.64 12.97+£3.23
Grain 3.46 +£1.29 1.64 +0.84 1.26 +1.68 1.34 +2.26 2.69+1.61 2.98 +1.68
Co Root 887.03 +513.15 288.30 *+62.37 501.46 +730.75 80.04 +39.97 995.43 + 363.64 932.05 + 859.21
Shoot 48.49 *45.56 9.13 +15.81 0.00 +0.00 0.00 +0.00 0.00 +0.00 22.80 + 37.84
Grain 25.16 +4.05 0.32 +0.55 18.56 +19.02 0.00 +0.00 4.22+7.30 5.42 +9.38




Table 5.3: Translocation Factor (TF) of various metals in wheat
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METAL ™™ PW VW Ccw SW GW
Shoot 1.24+0.31 1.13+0.06 1.24 +£0.12 1.24 +£0.13 1.20+0.14 1.27 +£0.25
Ni Grain 1.04 £0.09 0.81+0.03 0.80 +0.09 0.84+0.10 0.81+£0.07 0.76 £ 0.05
Shoot 1.00 £ 0.01 1.00 £ 0.00 1.00 £ 0.01 1.00 + 0.00 1.01+0.01 1.00 + 0.00
Cr Grain 0.25+0.03 0.21+0.01 0.20 £ 0.00 0.24 £0.04 0.25+0.04 0.24 +0.03
Shoot 0.87+£0.16 0.70+0.24 0.79+0.20 0.96 +0.11 0.80+0.24 0.69 £ 0.06
Pb Grain 0.58 £0.02 0.42+£0.33 0.69£0.41 1.04 +0.43 1.20 +0.83 1.02 +0.08
Shoot 0.65+0.17 1.12+£0.53 1.05+0.30 0.76 £0.25 1.20+£0.83 0.77+£0.20
Mn Grain 1.46 £0.44 2.34+1.32 247+221 2.33 +0.56 247+112 1.08 +0.30
Shoot 0.77+£0.20 0.84 £0.17 0.59+£0.08 0.70 £ 0.06 0.92+0.39 0.65+0.25
Zn Grain 151+031 1.88 £ 0.45 1.36 +0.07 1.68 +0.59 1.90+0.44 1.66 +0.30
Shoot 0.48 £0.19 0.61+0.38 0.59+0.21 0.54+£0.17 0.61+0.34 0.50+0.13
Fe Grain 0.19+0.18 0.11+0.12 0.18 +0.16 0.06 +0.04 0.11+£0.09 0.03+0.01
Shoot 2.81+0.25 2.35+0.88 2.85+0.12 2.95+0.17 2.79+0.18 2.89 £ 0.54
Co Grain 1.04 £0.02 0.85+0.17 0.96 + 0.04 0.97 +£0.19 0.93+0.03 0.88 +0.07




Table 5.4: Translocation Factor (TF) of various metals in paddy
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METAL ™™ PW VW Ccw SW GW
Shoot 0.46 £0.21 0.41+0.17 0.28 £0.09 0.37+0.20 0.54+0.04 0.33+0.11
Ni Grain 0.57+0.18 0.37+£0.09 0.56 +0.23 0.43 +39 0.37 £0.06 0.33+0.13
Shoot 0.11+0.01 0.10+£0.00 0.10+0.00 0.10+0.00 0.10+0.00 0.10 £ 0.00
Cr Grain 0.10 £ 0.00 0.10+£0.00 0.10£0.00 0.10£0.00 0.10+£0.00 0.10 +0.00
Shoot 0.33+0.06 0.46 +£0.08 0.03+0.03 0.32+0.03 0.87 +0.09 0.79+0.11
Pb Grain 0.79 £0.06 0.21+0.10 021+0.21 043+0.12 0.49+£0.019 1.53+0.21
Shoot 0.364 + 0.061 0.400 + 0.426 0.308 + 0.125 0.690 + 0.373 0.491 + 0.366 0.279+0.181
Mn Grain 0.111+0.030 0.182 +0.085 0.120 = 0.039 0.272 = 0.057 0.237 +0.079 0.210+0.102
Shoot 0.60 £ 0.09 0.67+0.18 0.58+£0.10 0.58 £0.08 0.57+£0.01 0.83+0.05
Zn Grain 0.34 £0.07 0.30+0.15 0.32+0.18 0.17 +0.07 0.24 £ 0.06 0.20+0.12
Shoot 0.084 +0.013 0.081 +0.021 0.083 + 0.008 0.093 + 0.007 0.101 +0.011 0.097 +0.024
Fe Grain 0.030+0.019 0.013 +0.007 0.011+0.016 0.008 +0.014 0.021 +0.013 0.021 +0.010
Shoot 0.068 + 0.088 0.029 +0.051 0.000 +0.00 0.000 +0.00 0.000 +0.00 0.038 + 0.034
Co Grain 0.035+0.017 0.001 + 0.002 0.092 £0.135 0.000 +0.00 0.006 = 0.010 0.005 = 0.009
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Further nickel, lead and chromium bio-concentrations in wheat (Figure 5.15a, b, c)
and paddy grains (Figure 5.17a, b, d) produced from the sewage waters were about 2-3 times
higher than those produced from the treated wastewaters. This was also reflected from the
individual metal enrichment factors for the wheat (Table 5.6 and Figure 5.22b) and paddy
(Table 5.5 and Figure 5.22a) crops. However, though metal concentrations in the food
produced from the micro-plots irrigated with the treated sewage waters were significantly
lower than those produced through sewage waters yet these were (2 - 6 times) higher than
their maximum allowable levels (MAL).

With respect to the rest of the metals, these differences were not very conspicuous in
this short term (one year) study, conducted on the historically sewage water irrigated and thus
metal contaminated soils. Thus, the analysis could clearly re-confirm the need for proper
treatment and scientific application of the poor quality irrigation waters for maintaining
sustainable land / food qualities.



Table 5.5: Enrichment factor (EF) of various metals in paddy grain

110

SAMPLE Ni Pb Cr Mn Zn Fe
™ 1.19+0.28 0.65 + 0.09 0.98 +0.21 3.10 £ 2.36 5.04 £7.06 1.91+2.09
PW 0.80+0.20 0.27 £0.15 0.98 £ 0.08 3.80+2.35 4,50 £5.98 0.93+1.03
VW 247 +0.59 0.15+0.15 0.99+0.04 1.71+0.61 3.92+4.42 0.49£0.47
Ccw 0.58 £0.15 048 +0.11 0.97£0.11 256123 1.43+£0.82 0.32+£0.50
SW 0.82+0.34 0.37£0.18 0.88 £ 0.06 2.68 £ 1.56 3.44 +3.88 1.53 £ 1.66

Table 5.6: Enrichment factor (EF) of various metals in wheat grain

SAMPLE Ni Pb Cr Mn Zn Fe
™ +0.06 1.24 +0.40 +0.47 1.84 +0.42 1.01+0.16 7.09 +6.58
PwW +0.02 0.46 £0.20 +0.27 1.74 £0.73 +0.20 3.50 £3.54
VW +0.06 0.68 £0.46 +0.15 1.81 £0.97 +0.07 6.53 £7.32
Ccw +0.08 1.20 £0.38 +0.14 3.06 £0.39 +0.23 2.16 £1.32
SW +0.01 1.04 £0.51 +0.32 1.68 £0.73 +0.10 271 £1.41
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Figure 5.1: (a) Paddy (Biological yield), (b) Wheat (Biological yield), (c) Paddy (Economic yield) and (d) Wheat (Economic yield)
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Figure 5.2: (a) Paddy (Plant parts length), (b) Wheat (Plant parts length), (c) Paddy (Plant parts dried weight) and Wheat (Plant parts dried weight)
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RESEARCH PAPER-III

To assess comprehensive risk of wetland treated and untreated sewage water use
on the consumer health

Abstract

Food-chain transfer is the primary route of human exposure to environmental
pollutants. Cereals have a higher contribution in the diet yet most wastewater risk or
impact assessment studies have largely been focussed on the vegetable crops. Thus
with this in view, the main aim of this investigation was to assess comprehensive
metal risks due to the consumption of wheat and paddy food grains produced through
wetland treated and untreated sewage waters. The analysis showed that overall metal
health hazard, as evident from Hazard Index, due to the consumption of wheat grains
produced though treated/ untreated wastewaters or ground waters on the historically
metal contaminated soils was about 1.6 times more than that due to the consumption
of paddy grains. About 45 to 60% of these health hazards were contributed by lead
contamination. In general, food grains produced through (lead-sequestering)
Phragmites karka treated wastewaters were observed to be associated with 44 to 58%
less health hazards. Thus, from health point of view, the agricultural produce from the
sewage plot sites was still not suitable for human consumption; especially due to
considerable food grain metal viz., lead >> iron > nickel ~ Mn contamination.
However these risks were far lower than those during previous year, primarily due to
continuous application of wetland treated sewage waters and thus gradual reduction of
soil bio-available and total metal concentrations on the historically sewage water

irrigated soils.
6.1 Introduction

Food and water security for rapidly increasing population is day by day
becoming a global challenge. This is very evident from the basic fact that due to rapid
population growth (80 million or 1.2% per annum) water withdrawals have tripled
over last 50 years and the potential global water availability has decline from 12,900
m? per capita per year in 1970 to 7,000 m?, in 2000.

Agriculture is the largest user of water, accounting for nearly 70% of all
worldwide extractions (Gleick, 2000; FAO, 2008). In developing countries due to
receding water levels and due to lack of suitable wastewater treatment facilities, use of

unplanned and untreated/ improperly treated sewage waters is on an increase. In fact,
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globally, re-use of marginal quality waters, with or without any treatment, in
agriculture is being viewed as one of the practical wastewater management options.

At present, at least one-tenth of the world’s population consumes crops
irrigated with untreated or poorly treated wastewater, mostly in developing countries
in Africa, Asia and Latin America (Smith & Nasr, 1992) as it fulfils the need of
irrigation water to resource poor farmers. However, among the hazards associated
with the wastewater use in agriculture, food contamination due to heavy metals like
lead, cadmium, mercury, nickel etc. are the primary ones. More than ten thousands of
toxic chemicals from different industries, agricultural chemicals and household
products are routinely used and released in the wastewater and drains into sanitary
sewers which can create hazard to different animals including human. Some
chemicals derived from pesticides, persistent organic pollutants, non-ionic detergents
and human and veterinary pharmaceutical residues are carcinogenic, teratogenic and
mutagenic in nature and also act as endocrine disrupters, which mimic hormones and
have antihormonal activity and so interfere with the functioning of endocrine systems
in various species. These substances are resistant to conventional wastewater
treatment and so persist in environment for some times (National Research Council,
1998) and can cause breast, prostate and testicular cancers, impaired
behavioural/mental, immune and thyroid functions in children. Reproductive
abnormalities, altered immune function and population disruption have been observed
in amphibians, birds, fishes, invertebrates, reptiles and mammals.

Some of the harmful impacts of intake of toxic metals become apparent only
after several years of exposure (Bahemuka and Mubofu, 1999; lkeda et al., 2000).
Some studies have reported that consumption of heavy metal contaminated food can
deplete some essential nutrients in the body that are further responsible for decreasing
immunological defences, intrauterine growth retardation, impaired psycho-social
faculties, disabilities associated with malnutrition and high prevalence of upper
gastrointestinal cancer rates (lyengar and Nair, 2000; Tu rkdogan et al., 2003).

Food-chain transfer is the primary route of human exposure to environmental
pollutants i.e. transfers of pollutants via the wastewater - Soil = Plant - Human, in
which pollutant intake from the consumption of grain, vegetables, root/tuber crops
and fruit and can contaminate and affect entire food-chain. Pollutant concentration
increases as we go higher level in the food chain due to bio-accumulation and bio-
magnification. The higher organisms, mostly humans, occupy generally the top most
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position in the trophic level in the food chain and so have chances of being impacted
the most.

Environmental and human health risks due to wastewater agriculture/ use can
be minimized by suitable treatment of wastewater before use, careful handling, wise
application and proper awareness. However the available technologies, due to their
high capital and maintenance costs, are unaffordable by the developing world. The
processes involved in several conventional treatment systems, except stabilization
ponds, are difficult and costly to operate in developing countries due to their
requirements for high energy, skilled labour and installation/ operation and
maintenance costs (Carr and Strauss, 2001). Thus the developing world is in the need
of such non-conventional low cost and environmentally sustainable treatment
technologies that have lower capital, maintenance and operational costs and could be
operated by less skilled persons.

Non-conventional wastewater treatment methods include the use of low-cost
systems such as on-farm ponds, sedimentation traps, bio sand-filters and constructed
wetlands. Wetland systems have shown promise in achieving large reductions in
heavy metals (Kadlec and Knight, 1996). However, scanning of literature reveals that
most of the studies on the wetland treated waste waters have been largely focussed on
either the evaluation of plant treatment efficiency/ capacity or on the system cost
benefit analysis. Further, though cereals have a higher contribution in the diet yet
most wastewater risk or impact assessment studies have been largely focussed on the
vegetable crops. Thus with this in view, the main aim of this investigation was to
assess comprehensive risk of heavy metal contamination due to the consumption of

cereals produced through wetland treated and untreated sewage waters.
6.2 Material and methods

In order to achieve the set objectives, a pilot scale vertical sub-surface flow
(VSSF) constructed wetland system was developed and sited near a domestic sewage
water drain on a 350 m? land area (28°38'21.3" N and 77°08'56.5" E) within the Seed
Production Unit (SPU) farm of the Indian Agricultural Research Institute (IARI).
Sewage water generated from the IARI micro watershed, containing moderate organic
load, lab chemical compounds and heavy metals, was bypassed through the
aforementioned system, treated and thereafter used for irrigating Wheat and Paddy

crops in the adjacent 18- micro-plots. The details on the treatment wetlands and the
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experimental micro-plot layout and crops/ cultural practices are illustrated in sections
3.2.1and 3.2.2.

For analysing the impact of water treatments on the produce quality, plant
samples were collected. In case of wheat, four plants each of three height groups viz.
long (Main), medium (Mid) & short (Low) of total twelve healthy plants and in case
of paddy, three tillers of three height groups viz. long (Main), medium (Mid) & short
(Lower) of total five healthy plants per each micro-plot were randomly tagged, just
after grain filling stage, and used for analysis. These tagged plants having intact root
were sampled with khurpi just before harvesting of the rest of the plants. Each micro-
plot plant sample was bundled and immediately transferred to laboratory and air
dried. Root and shoot parts were oven dried (at 55°C) and ground (individually) along
with grains through a milling machine and subjected to micro-nutrient (viz. Zn, Cu,
Fe, Mn) and trace metal (viz. Cd, Cr, Co, Ni, Pb) analysis as per the procedure
detailed in section (3.3.2.3). All samples were analysed in triplicate; with due quality
control ensured through careful standardization, procedural blank measurements and
duplicate samples in the Hydro-informatics and Wetland bio-geochemistry
laboratories of the Division of Environmental Sciences, 1ARI.

Finally the threat of heavy metal contamination, due to untreated and treated
waste water irrigations, on the consumer (i.e. human) health was assessed in terms of
the Health Risk Index (HRI) as per the following equation:

Health Risk Index (HRI) = HQ X f
where, f is the consumption probability of contaminated grains and HQ is Hazard
Quotient. Pierzynski et al. (2000) evaluated the Hazard Quotient in the following
manner:
HQ = (Dietary intake of a specific heavy metal)/ (Its Safe limit)

where, Dietary intake of heavy metal (in mg metal/Kg body weight/day) is generally
obtained as (Concentration of metal in contaminated food x Daily food intake) /
(Average body weight). HRI index value >1 is considered unsafe for human health
(USEPA 2002).

The composite risk due to the consumption of heavy metal contaminated
grains was also analyzed in terms of a Hazard Index (Huang et al. 2007), which is
the measure of the potential risk of adverse health effects from a mixture of heavy
metal constituents in the contaminated grains. When the hazard index exceeds 1.0
there is concern for potential health effects.
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Hl= Y HRI

For this, the daily food intake pattern of the exposed individual was
represented by the global diet (Galal-Gorchev, 1991) which considers daily intake of
grains/cereals of about 0.405 kg (on fresh weight basis where the fresh weight to dry
weight conversion factor is 0.90 for grains/cereals). The dietary intake of pollutants
normally does not exceed 50% of the Provisional Tolerable Weekly Intake (PTWI),
except for individuals who are exposed through occupational activities or are resident
near a pollution point source (WHO, 1998; USEPA, 1992a & 2000). Hence for this
analysis, the consumption probability of contaminated grains was assumed as 25%.
Further, the average body weight of an adult was considered as 70kg while the oral
reference dose or safe daily intake quantity of different heavy metals, as per USEPA
(1997 & 2002), was considered to be Cu (0.04mg/kg/day), Zn (0.3 mg/kg/day), Cd
(0.001 mg/kg/day), Pb (0.004 mg/kg/day), Ni (0.02 mg/kg/day), Cr (1.5 mg/kg/day),
Fe (0.25 mg/kg/day) and Mn (0.14 mg/kg/day), Co (1.6 mg/kg; FSA, 2003).

5.3 Results and Discussions

The analysis showed that though chromium was the key contaminant in the
treated/ untreated wastewaters (Figure 4.10; section-4) and was also present beyond
permissible levels (in both bio-available and total forms, Figure 4.13b and 4.15b;
section-4) in the historically sewage water irrigated experimental soils. Yet its dietary
intake through wheat and paddy grains (Table 6.1 and 6.2; Figure 6.1, 6.2 and 6.3)
was well within the oral reference dose (1.5 mg/kg/day) thereby leading to only 2 —
5% health risk. This was also found to be the case with cobalt contamination, whose
dietary intake was just 1.7 % of its reference oral dose (Figure 6.2d) through wheat
grains and 0% through paddy grains.

Dietary intakes of micro-nutrients viz. manganese (Mn; Figure 6.1d) and zinc
(Zn; Figure 6.1e), through paddy grains were also observed to be well within safe
limits and associated with less health risks (i.e. 0.10 and 0.07, respectively) due to
food produced with both treated and untreated wastewaters. However, though the
dietary intake of Zn through wheat grains was somewhat within safe limits, the
dietary intake of Mn through wheat grains appeared to be about 2.8 and 1.4 times
more than its prescribed safe limit for the food produced through untreated/ treated
wastewaters and that produced through the groundwater, respectively in the native

manganese contaminated soils (Figure 4.14a; section-4). Thus, consumption of
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treated/ untreated sewage water produced wheat grains was observed to be associated
with about 6.4 times larger Mn-health risk than those through the paddy grains. Even
the ground water produced wheat grains were observed to be associated with about
4.1 times higher Mn-health risk than that through paddy grains.

Dietary intake of nickel (Ni) through wheat grains (Figure 6.2a) also appeared
to be about 2.8 times more than its prescribed safe limit for the food produced through
untreated/ treated wastewaters or groundwater and thus was associated with about 2.4
times more heath risk (HRI=0.70) than that through the consumption of paddy grains
(HRI = 0.29). However Ni - health risks due to the consumption of both wheat and
paddy grains were well within 1 and thus very low to low. Similar results were also

observed with respect to iron (Figure 6.4a and 6.4b).



Table 6.1: Dietary Intake (DI) of various metals through wheat (mg/kg/day)
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METAL T™W PW VW Cw SW GwW ORD
Ni 0.065 £ 0.008 0.055 = 0.002 0.051 £ 0.008 0.059 = 0.006 0.053 £ 0.001 0.051 = 0.002 0.02
Pb 0.086 + 0.006 0.032 £ 0.019 0.059 = 0.040 0.083 = 0.025 0.071 £ 0.034 0.081 = 0.005 0.004
Cr 0.32 £0.05 0.27 £0.01 0.26 £ 0.00 0.31£0.06 0.33x0.05 0.31£0.05 15
Mn 0.33+£0.02 0.37+£0.23 0.34+£0.21 0.57+0.21 0.34+£0.20 0.19+0.05 0.14
Zn 0.288 £ 0.006 0.299 £ 0.049 0.299 £+ 0.006 0.267 £ 0.043 0.285 £ 0.033 0.281 £0.031 0.3
Fe 1.24 +0.80 0.68 + 0.56 1.09 £ 0.89 0.47+£0.25 0.56 £ 0.20 0.23+0.12 0.25
Co 0.028 + 0.001 0.026 = 0.001 0.026 = 0.001 0.028 = 0.004 0.026 = 0.00 0.026 = 0.00 1.6

Table 6.2: Dietary Intake of various metals through paddy (mg/kg/day)

METAL T™W PW VW CW SW GwW ORD
Ni 0.028 £ 0.004 0.022 + 0.004 0.030 + 0.008 0.022 £ 0.010 0.018 £ 0.002 0.021 = 0.005 0.02
Pb 0.080 + 0.008 0.021 + 0.009 0.015+0.015 0.065 = 0.020 0.047 £ 0.020 0.085 = 0.008 0.004
Cr 0.13 +£0.00 0.13+£0.00 0.13+£0.00 0.13+£0.00 0.13+£0.00 0.13+£0.00 15

Mn 0.051 £0.010 0.075+0.018 0.047 £ 0.022 0.05 £ 0.0147 0.06 £ 0.008 0.04 £ 0.007 0.14
Zn 0.108 £ 0.038 0.087 =+ 0.040 0.108 = 0.058 0.05+ 0.0194 0.099 £0.018 0.048 £0.032 0.3
Fe 0.59+£0.28 0.29+£0.16 0.24 £0.33 0.16 £0.27 0.46 £ 0.27 0.45%0.26 0.25
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Health risks due to higher dietary intake of lead (Pb, Figure 6.4a and 6.4b)
appeared to be of key concern as these appeared to be about 13 to 17 times more than
their permissible safe limits for both wheat and paddy grains. In general the food
grains produced from Phragmites treated wastewaters were observed to be associated
with far lower health risks (1.29 to 1.97). These were found to be just 29-39% of
those through other irrigation waters (4.34 to 5.02, Figure 6.4a and 6.4b).

Thus overall metal health hazard, as evident from Hazard Index, due to the
consumption of wheat grains produced though treated/ untreated wastewaters or
ground waters (Table 6.5 and Figure 6.5) on the historically metal contaminated soils
was about 1.6 times more than that due to the consumption of paddy grains. About 45
to 60% of these heath hazards were observed to be contributed by lead contamination.
In general, food grains produced through (lead-sequestering) Phragmites karka
treated wastewaters were observed to be associated with 44 to 58% less health
hazards. Thus, from health point of view, the agricultural produce was still not
suitable for human consumption especially due to high lead contamination in both
paddy and wheat grains. However these risks were far lower than those during
previous year (Table 6.5; Figure 6.6a and 6.6b), primarily due to continuous
application of wetland treated sewage waters and thus gradual reduction of soil bio-
available and total metal concentrations (Figure 4.12, 4.13, 4.14 and 4.15) on the
historically sewage water irrigated and metal contaminated soils.
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Table 6.3: Health Risk Index (HRI) by different metals intake through paddy in an adult

human
SAMPLE Ni Pb Cr Mn Zn Fe
T™W 0.35+0.05 | 5.02+0.52 | 0.02 £0.00 | 0.09+0.02 | 0.09+0.03 | 0.59 +0.28
PW 0.27+£0.05 | 1.29+0.57 | 0.02+0.00 | 0.13+0.03 | 0.07+0.03 | 0.29+0.16
VW 0.37+0.10 | 0.94+0.94 | 0.02+0.00 | 0.08+0.04 | 0.09+0.05 | 0.24+0.33
CW 0.27+0.12 | 408+1.26 | 0.02+0.00 | 0.10+0.02 | 0.05+0.02 | 0.16 +£0.27
SwW 0.23+£0.02 | 292+1.25| 0.02+£0.00 | 0.12+0.01 | 0.08 £0.01 | 0.46+0.27
GwW 0.26 £0.07 | 533+0.50 | 0.02+£0.00 | 0.08+0.01 | 0.04+0.03 | 0.45+0.26

Table 6.4: Health Risk Index (HRI) by different metals intake through wheat in an adult

human
SAMPLE Ni Pb Cr Mn Zn Fe
T™W 0.82+0.10 | 521+£043 | 0.05£0.01 | 0.59+0.04 | 0.24+£0.01 | 1.24+£0.80
PW 0.69+0.02 | 1.97+1.20 | 0.05+0.00 | 0.66+0.41 | 0.25+0.04 | 0.68 +0.56
VW 064+£011 | 3.71+£251 | 0.04+£0.00 | 0.60£0.37 | 0.25+£0.01 | 1.09+0.89
CW 0.74+£0.07 | 521+£155| 005+£0.01 | 1.02+£0.37 | 0.22+0.04 | 0.47£0.25
SwW 0.67+0.02 | 588+0.27 | 0.06 £0.01 | 0.61£0.36 | 0.24+£0.03 | 0.56+0.20
GwW 0.63+0.03 | 5.08+0.30 | 0.05+£0.01 | 0.33£0.38 | 0.23£0.03 | 0.23+£0.12

Table 6.5: Hazard Index (HI) of various metals intake through paddy and wheat in an

adult human
SAMPLE Wheat Paddy
Season-1 Season-11 Season-I Season-11
TW 13.28 + 2.57 8.15+1.38 9.93+2.06 6.16 £ 0.27
PW 11.09 + 5.66 4.30+2.23 13.10+8.95 2.08+0.68
VW 26.50+7.36 6.33+3.89 7.03+0.65 2.84 £0.59
Ccw 16.62 + 7.49 7.72+2.29 11.95+3.31 4.68 £ 1.58
SW 13.43+6.81 8.02£0.88 50.20 £ 26.12 3.84+1.55
GW 6.57 £+ 0.56 10.88 +0.99 6.19+0.81




142

Daily Intake-PADDY (Nickel) Daily Intake - PADDY (Lead) Daily Intake - PADDY (Chromium)
0.12 - 1.6 -
------- Oral Reference Dose ------- Oral Reference Dose
0.04 - 0.10 - 144 e Oral Reference Dose
= = =12 -
Eo.03 S 0.08 S 10
=2} g’ S
= S 0.06 508 -
£002 E E
s S 0.04 s 06 -
&) o 004 -
0-01 0.02
0.2 -
000 000 o/ E B m Om m W
TW PW VW CW SW GW W PW VW CW SW GW TW PW VW CW SW GW
Treatments Treatments Treatments
Daily Intake - PADDY (Manganese) Daily Intake - PADDY (Zinc) Daily Intake - PADDY (Iron)
0.16 - 0.35 - 1.0 -
------- Oral Reference Dose ------- Oral Reference Dose ------- Oral Reference Dose
0.14 - 0.30 -
0.12 | 08
_§ ) §‘0.25 - =
?»0'10 . > | _g 0.6
~ £ 0.20 =4
S 0.08 > <
E £015 - 2 04
E 0.06 - ; =
D 004 - o 0.10 4 % 0.2
0.02 - 0.05 -
0.0
0.00 - 0.00 -
TW PW VW CW SW GW TW PW VW CW SW GW 02 |
Treatments Treatments Treatments

Figure 6.1: Daily intake of various metals (a) Nickel, (b) Lead, (c) Chromium, (d) Manganese, (e) Zinc and (f) Iron through Paddy grains grown on different

irrigation plots along with their oral ref. dose
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Figure 6.2: Daily intake of various metals (a) Nickel, (b) Lead, (c) Chromium and (d) Cobalt through Wheat grains grown on different irrigation plots along

with their oral reference dose
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SUMMARY AND CONCLUSION

Freshwater scarcity, generation of increasing volumes of wastewaters,
degradation of freshwater resources and the interconnected food insecurity, due to
rapid urbanization/ industrialization, is driving many countries to use marginal quality
waters in agriculture. Agricultural reuse of sewage wastewater is fast becoming
popular worldwide because it closes the loop between water demand and wastewater
disposal and enhances fertilizer security of resource poor farmers. However, due to
the lack of proper treatment facilities and awareness in developing countries,
unplanned application of raw sewage is increasing the risk of agricultural
sustainability and consumer/ environmental health. Thus for safe agricultural disposal,
with optimum profit, the scope of harvesting low cost, low energy optimum level
treatment options is increasing. Among different low cost/ low energy treatment
options, use of treatment wetlands is on increase. However, scanning of literature
reveals that most of such existing studies lack comparative comprehensive risk of
untreated and treated sewage water use on the soil, crop and consumer health. Further,
though cereals have a higher contribution in the diet, yet most of such risk or impact
assessment studies have primarily been focussed on the vegetable crops. One such
wetland technology based pilot sewage water treatment plant (of 1500 LPD capacity)
is in operation since November 2009, at the Indian Agricultural Research Institute
(IARI). Hence, the main goal of the present investigation was to assess an overall
impact of the wetland treated wastewaters on the quality of agricultural soil and
produce and thus risk to human health.

In order to achieve this goal 18- micro-plots (each of 2.7 m? area), under Rice-
Wheat cropping system, were continuously irrigated with 4 types of subsurface flow
constructed wetland treated and untreated sewage waters at the sewage plot site of
IARI (New Delhi) for two years. Routine crop specific management practices were
applied and suitable samples of irrigation waters, soils and plants were periodically
analyzed for different nutrient and metal concentrations. Food-chain contamination
factors and suitable risk indices were also calculated for assessing comprehensive risk
of treated/ untreated wastewaters on the soil, plant and consumer health.

During the study period, temperature, pH and dissolved oxygen levels of the
untreated sewage waters were observed to be within the permissible limits (i.e. 30°C,
8.0 and 5mg/l) while turbidity (67.01 + 42.57 NTU) was found to be mostly beyond
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permissible level (50 NTU). In comparison to these, the wetland treated sewage
waters were associated with significantly (40 to 74%) lower turbidity (17.70 NTU),
nitrate (2.78 ppm), phosphate (11.75 ppm) and potassium (9.39 ppm) levels. Sulphate,
fluoride, EC and TDS levels of the irrigation waters were also in general found to be
within the permissible limits. Amongst heavy metals, chromium, manganese and iron
were the key contaminants that were present in their more than permissible levels.
Rest metals viz. nickel, lead, zinc, though present in appreciable amounts were within
their safe limits.

Continuous application of treated sewage waters, for 2-years, in place of
untreated sewage water applications at the project site resulted in significant reduction
in soil potassium concentration from an initial (beyond permissible) levels of (219.19
+ 12.66 mg/kg) to (125.27 + 10.57 mg/kg). Soil nitrate and phosphate concentrations
also decreased by about 88% and 38%, respectively thereby showing a significant
impact of water treatment on the soil nutrient load. Soil total and bio-available nickel
(Ni), lead (Pb), and iron (Fe) concentrations also decreased significantly. Soil bio-
available chromium decreased from an initial level of (5.71 £ 0.88 mg/kg) to (1.57
0.07 mg/kg) after two years. However, there was no change in the soil total chromium
(Cr) level, due to its more than (1.7 times) permissible concentrations in the
historically sewage water irrigated soils of the experimental area. Soil bio-available
zinc concentrations changed insignificantly from (6.38 + 0.55 mg/kg) to (5.81 + 0.51
mg/kg) and cadmium and copper concentrations were found to be below detection
limits throughout the research period. Thus, continuous irrigation with treated sewage
waters led to significant reductions in soil pollutant load. However these were
associated with no soil micro-nutrient depletion and any adverse effects due to soil
electrical conductivity and exchangeable sodium percentage, which remained within
safe limits.

The impact of the untreated and treated sewage waters on the health and
quality of the Wheat and Paddy crops was also estimated in terms of plant/ seed
parameters, individual metal translocation pattern and food grain metal sequestration
threat. The positive impact of water treatment could be best expressed in terms of the
test weight or 100 seed weight of the Paddy crop, as it was found to be significantly
lower for the wastewater irrigated crop. Further, though total number of tillers and

length of panicle were not significantly different for the treated and the untreated
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sewage waters, yet, total number of unproductive tillers and the unfilled seeds per
panicle were significantly higher in the sewage water irrigated paddy crop. These
differences were not very evident in the relatively low water demanding crop i.e.
wheat seeds produced from treated/ untreated wastewaters. However, number of
termite and fungal infected tillers in both wheat and paddy were observed to be higher
in the sewage water irrigated micro-plots. Individual metal translocation patterns in
the wheat and paddy crop plants revealed higher food grain metal sequestration threat
in wheat. In general, wheat grains produced with treated wastewater discharged from
wetlands containing Phragmites karka and Acorus calamus were observed to be
sequestering significantly lower lead and nickel/ cadmium concentrations,
respectively than those produced with the untreated sewage waters. Similarly paddy
grains produced with treated sewage waters discharged from the wetlands containing
Phragmites karka and Acorus calamus/ unplanted mesocosm seemed to be

sequestering significantly lower cadmium and iron, respectively.

The analysis showed that the overall metal health hazard (as evident from
Hazard Index) due to the consumption of wheat grains produced through treated/
untreated wastewaters or ground waters on the historically metal contaminated soils
was about 1.6 times more than that due to the consumption of paddy grains. About 45
to 60% of these health hazards were contributed by lead contamination. In general,
food grains produced through (lead-sequestering) Phragmites karka treated
wastewaters were observed to be associated with 44 to 58% less health hazards. From
health point of view, the agricultural produce from the sewage plot sites was still not
suitable for human consumption; especially due to considerable food grain metal viz.,
lead >> iron > nickel ~ Mn contamination. However these risks were far lower than
those during previous year, primarily due to continuous application of wetland treated
sewage waters and thus gradual reduction of soil bio-available and total metal
concentrations on the historically sewage water irrigated soils. Thus, the analysis
could clearly re-confirm the need for proper treatment and scientific application of the

poor quality irrigation waters for maintaining sustainable land / food qualities.
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Impact of wetland-treated sewage water applications on the soil health and
agricultural produce from the experimental sewage plot site of Indian
Agricultural Research Institute

Abstract

A comparative impact of experimental subsurface flow constructed wetland
treated and the raw (untreated) sewage water applications under Paddy-Wheat
cropping sequence was evaluated on the historically sewage water contaminated
experimental plots of Indian Agricultural Research Institute. Continuous application
of treated sewage waters, for 2-years, in place of untreated sewage water applications
(i.e. business-as-usual) at the project site resulted in significant reduction in soil
potassium concentration from an initial (beyond permissible) level of (219.19 + 12.66
mg/kg) to (125.27 + 10.57 mg/kg). Soil nitrate and phosphate concentrations also
decreased by about 88% and 38%, respectively thereby showing a significant impact
of water treatment on soil nutrient load. Soil total and bio-available nickel (Ni), lead
(Pb), chromium (Cr) and iron (Fe) concentrations also decreased significantly.
However, continuous irrigation of treated sewage waters lead to no depletion of soil
micro-nutrient concentrations as well as any adverse effects due to soil electrical
conductivity and exchangeable sodium percentage, which remained within safe limits.
Wheat and Paddy crops irrigated with treated sewage waters were observed to be
associated with larger 1000 seed weights, lower number of unfilled unproductive
tillers and the unfilled seeds per panicle and termite and fungal infected tillers. Wheat
and paddy grains produced with Phragmites karka and Acorus calamus treated
wastewater were observed to be sequestering significantly lower lead, nickel and
cadmium, iron, respectively. Thus food grains produced through Phragmites karka
treated wastewaters were observed to be associated with 44 to 58% less health
hazards. Though, from health point of view, the agricultural produce from the sewage
plot sites was still not suitable for human consumption; especially due to considerable
food grain metal viz., lead >> iron > nickel ~ Mn contamination. Yet these risks were
far lower than those during previous year, primarily due to continuous application of
wetland treated sewage waters and gradual reduction of soil bio-available and total
metal concentrations on the historically sewage water irrigated soils. Thus, compared
to the untreated sewage waters, the wetland treated sewage waters seemed to be
associated with considerably lower environmental foot-print.
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APPENDIX

Table 9.1: Recommended irrigation water quality parameters

Parameters Safe limit References
pH 6.0-8.0 WAPDA (1981)
6.5-8.5 Acharya et al. (2008)
EC 2.25dS/m Acharya et al. (2008)
Temperature 30°C
Dissolved oxygen (DO) 5.0 mg/I WAPDA (1981)
Turbidity 50 NTU
Residual sodium carbonate | < 1.25 Excellent
(RSC) 1.2-2.5 Good USSL (1954)
> 2.5 Bad
Sodium adsorption ratio < 10 Excellent
(SAR) 10 — 18 Good CPCB
18 — 26 Medium
> 26 Bad
Total dissolved solid (TDS) 2000 mg/I FAO (1985), Acharya et al.
(2008)
Sodium (Na) 9.0 me/l
Bi-carbonate (HCO3) 8.5 mel/l
Boron (B) 3.0 mg/I FAO (1985)
Chloride (CI") 10 me/l
Nitrate (NO3) 30 mg/l
Calcium & Magnesium 6 me/l Acharya et al. (2008)
(Ca + Mg) 10 me/l Khodapanah et al. (2009)
Phosphate (PO,>) 50 mg/I
Sulphate (SO4%) 50 mg/I
Potassium (K) 0.5 mel/l Acharya et al. (2008)
Fluoride (F) 1.0 mg/l National Academy of Sciences

(1972) and Pratt (1972)

Intestinal nematode

< 1 arithmetic mean

no. of eggs per litre

Faecal coliform

< 1000 geometric

mean no. per 100 mi

WHO (1989)
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Metals Safe limit References

Aluminium (Al) 5.0 mg/I

Arsenic (As) 0.10 mg/I

Beryllium (Be) 0.10 mg/l

Cadmium (Cd) 0.01 mg/l

Chromium (Cr) 0.10 mg/I

Cobalt (Co) 0.05 mg/l

Copper (Cu) 0.20 mg/I

iron (F9) 50 mgl National Academy of Sciences

(1972) and Pratt (1972)

Lead (Pb) 5.0 mg/I

Lithium (Li) 2.5 mg/l

Manganese (Mn) 0.20 mg/I

Molybdenum (Mo) 0.01 mg/I

Nickel (Ni) 0.20 mg/I

Selenium (Se) 0.02 mg/l

Vanadium (C) 0.10 mg/I

Zinc (Zn) 2.0 mg/I
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Table 9.2: Recommended safe limit of different parameters for soil

Parameters Safe limit References
pH 4-85
EC 4000 pS/cm
Organic Matter 0.86 % w/w Alloway. B.J. (1990)
Phosphorus >7 mg/kg
Potassium >80 mg/kg
Arsenic (As) 8 mg/kg WHO (2006)
30 mg/kg Alloway. B.J. (1990)
Antimony 36 mg/kg
Barium (Ba) 302 mg/kg
Beryllium (Be) 0.2 mg/kg
Boron (B) 1.7 mg/kg
WHO (2006
Molybdenum (Mo) 0.6 mg/kg ( )
Selenium (Se) 6 mg/kg
Silver (Ag) 3 mg/kg
Thallium 0.3 mg/kg
Vanadium 47 mg/kg
Cadmium (Cd) 1 mg/kg Alloway. B.J. (1990)
4 mg/kg WHO (2006)
Chromium (Cr) 100 mg/kg Alloway. B.J. (1990)
150 mg/kg European Union, 2002
Cobalt (Co) 0.5 mg/kg Murtaza et al. (2008)
Copper (Cu) 100 mg/kg Alloway. B.J. (1990)
140 mg/kg European Union (2002)
Iron (Fe) 5000 mg/kg Stewart et al. (1974)
Lead (Pb) 84.0 mg/kg WHO (2006)
500 mg/kg Alloway. B.J. (1990)
Manganese (Mn) 500 mg/kg Alloway. B.J. (1990)
Mercury (Hg) 1 mg/kg Alloway. B.J. (1990)
7 mg/kg WHO (2006)
Nickel (Ni) 20 mg/kg Alloway. B.J. (1990)
75 mg/kg European Union (2002)
Zinc (Zn) 250 mg/kg Alloway. B.J. (1990)

300 mg/kg

European Union (2002)




Table 9.3: Recommended safe limit of different metals for agricultural produce (crop)
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Metals Safe limit (mg/kg) References
Cadmium (Cd) 5.0 Macnicol and Beckett (1985)
0.2 Lee and Lee (2001, Republic of Korea)
0.1 Kent and Everes, 1990; Ministry of Health of China (2005)
0.05 Walker (1988)
Chromium (Cr) 1.0 Ministry of Health of China (2005)
Cobalt (Co) 1.0
Copper (Cu) 40 FAO/WHO standard (Codex Alimentarius Commission, 1984)
10 Ministry of Health of China (2005)
Iron (Fe) 46
Lead (Pb) 2.5 Indian standard (Awashthi, 2000)
0.4 Ministry of Health of China (2005)
Manganese (Mn) 40 FAO/WHO standard (Codex Alimentarius Commission, 1984)
Nickel (Ni) 1.5 Indian standard (Awashthi, 2000)
1.0 Ministry of Health of China (2005)
Zinc (Zn) 50 Indian standard (Awashthi, 2000)
60 FAO/WHO standard (Codex Alimentarius Commission, 1984)




Table 9.4: Safe limit of different parameters for agricultural produce (vegetables)

157

Metals Safe limit (mg/kg) References

Cadmium (Cd) 0.3 FAO/WHO standard (Codex Alimentarius Commission 1984)
15 Indian standard (Awashthi 2000)
0.2 China, SEPA (2005)

Chromium (Cr) 5.0 FAO/WHO standard (Codex Alimentarius Commission 1984)
20 Indian standard (Awashthi 2000)
0.5 China, SEPA (2005)

Copper (Cu) 40 FAO/WHO standard (Codex Alimentarius Commission 1984)
30 Indian standard (Awashthi 2000)
20 China, SEPA (2005)

Iron (Fe) 450 FAO/WHO standard (Codex Alimentarius Commission 1984

Lead (Pb) 5.0 FAO/WHO standard (Codex Alimentarius Commission 1984)
25 Indian standard (Awashthi 2000)
9.0 China, SEPA (2005)

Manganese (Mn) 0.49 IPCS, 1981

Nickel (Ni) 20 FAO/WHO standard (Codex Alimentarius Commission 1984)
15 Indian standard (Awashthi 2000)
10 China, SEPA (2005)

Zinc (Zn) 60 FAO/WHO standard (Codex Alimentarius Commission 1984)
50 Indian standard (Awashthi 2000)
100 China, SEPA (2005)




Table 9.6: Oral reference dose of different metals for an adult human
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Metals ORD (mg/kg bw/day) References
Cadmium (Cd) 0.0005 Baars et al., 2001
0.001 USEPA (1985)
Chromium (Cr) 1.50 USEPA (1997 & 2002)
Cr+6 0.005 Mackenzie et al. (1958)
Cr+3 25 Mackenzie et al. (1958)
Cobalt (Co) 1.60 FSA, 2003
Iron (Fe) 0.25
Lead (Pb) 0.004
Manganese (Mn) 0.14 USEPA (1997 & 2002)
Nickel (Ni) 0.02
Zinc (Zn) 0.30
Arsenic (As) 0.0003 USEPA (1998c)
Mercury (Hg)
Organic 0.0001 Baars et al., 2001, U.S.EPA, 1987
Inorganic 0.002 Baars et al., 2001
0.0003 U.S.EPA, 1987
Table 9.5: Recommended limit of different metals in plant
Metals Safe limit (mg/kg) References

Arsenic (As)

0.02-7 (Normal), 5-20 (Critical)

Cadmium (Cd)

0.1-2.4 (N), 5-30 (C)

Chromium (Cr)

0.04-14 (N), 5-30 (C)

Copper (Cu) 5-20 (N), 20-100 (C)
Iron (Fe) 40-500 (N)

Lead (Pb) 0.2-20 (N), 30-300 (C)
Zinc (Zn 1-400 (N), 100-400 (C)
Mercury (Hg) 0.005-0.17 (N), 1-3 (C)
Molybdenum (Mo) | 0.03-5 (N), 10-50 (C)
Nickel (Ni) 0.02-5 (N), 10-100 (C)

Radojevic and Bashkin (2006)

Manganese (Mn))

300-500 (C)

Kabata-Pendias and Pendias, 1992
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