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ABSTRACT

Heavy metal contamination of agricultural soilsaisnajor concern to food
production all over the world. Agricultural soil éy metal contamination is from
wastewater irrigation, application of sewage amddaposition from the atmosphere
and is of great importance because of its implecetifor human health. Systemic
health problems can develop as a result of exaessieumulation of dietary heavy
metals such as Cd, Pb, Ni, Cu and Cr in the hunoaly.bA study was carried out at
the Kwame Nkrumah University of Science and Tecbgpl(KNUST) in Ghana
using water to which Cd and Pb had been addedrigate cabbage, carrots and
lettuce. Cadmium solutions of concentrations 05@0d 0.1 mg Lt and Pb solutions
of concentrations of 0, 30 and 50 mg Were prepared and used to irrigate the crops.
Kinetics of Cd and Pb concentrations in irrigatiwater were studied by preparing a
1:1 ratio of the sandy loam soil from the experitaésite and irrigation water and
shaken for 8 hours. The results showed that Cdesdration stabilized within the
first 1 hour and the partition coefficients fjfor the 0.05 and 0.1mg Lirrigation
water concentrations were 4 and 11.5, respectivady. Pb solutions the partition
coefficients (k) were not constant but varied with time with vauwanging between
0 and 6.94 after 6 hours of shaking. Moisture cainté soil is known to influence
the release of metals in soil solutions, howeveicafjural soils are generally of low
moisture content. It was found from the study that release of metals in soils was
non-linear resulting in variation in the metal distition coefficient. Soil Ca and
dissolved organic carbon (DOC) concentrations gaweetter prediction of soil Cd
concentration than soil solution pH. Plant and sainples from the experimental
fields were collected for laboratory analysis. Theults showed a reduction in the

yields of lettuce by 11 and 16% for the treatmenmitsy Cd concentrations of 0.05



and 0.1 mg Cd t in irrigation water respectively, compared wittelgis from the
control treatment (0 mg Cd™L in irrigation water). On the other hand, thererave
increases of 61 and 53%, respectively in yieldscaifrots irrigated with water
containing 0.05 and 0.1 mg Cd'LYields of crops irrigated with water containing
Pb concentrations of 30 and 50 mg were reduced compared with yields from the
control plots suggesting that lead has the potetatiauppress yields of crops. Plant
Cd and Pb concentrations increased significantti1 wiigation water concentrations
of Cd and Pb with p-values of <0.0001 for Cd and0S0for Pb. Cadmium
concentrations for cabbage were between 0.09 aht rhg kg" while carrots and
lettuce had values between 0.04 and 1.0 mg &gd 0.12 and 1.02 mg kg
respectively. Lead concentrations in cabbage weteiden 0.18 and 15.2 mg kg
while for carrots and lettuce the concentrationsewsetween 0.43 and 6.24 mg'kg
and 1.41 and 187 mg RgrespectivelyThe percentage of the total Cd in the soil that
is considered available, based on extraction with 8 CaC}, ranged between 18.7
and 96.8% for the top 5 cm depth and between 8388r6% for the 5-10 cm depth.
The percentage of soil total Pb considered avalads in the range 0.058-7.86%
for the top 5 cm depth; and 0.077 - 2.78% for tHED5cm depth. Both soil total and
available Cd and Pb decreased with degthee ion activities of cadmium
constituting the ions absorbed by the plants westerchined by prediction using
Windemere Humic Aqueous Model (WHAM) VI and measoeat by cadmium
electrode. Inputs for WHAM VI included soil propieg like organic matter content
in humic and fulvic forms, Na, Mg, K, balanced oat and anions. However, lead
free ion activities were determined by predicti@ing WHAM VI only due to lack
of lead electrode. Mathematical modelling of heawstals uptake by plants is useful

for predicting the quality of crops produced forntan and other animals. The



models also help to predict yields of crops produasing soil or irrigation water
that is contaminated by heavy metaisplant science, modelling of solute uptake is
achieved by empirical models fitted with an equatio a set of equations to dafa.
modified transpiration model was therefore devetbpased on climatic variables
such as temperature, saturation vapour-pressuieitdemd relative humidity that
govern transpiration and used to estimate croprdriter content and irrigation water
metal concentration, Cd and Pb concentrationseantelt vegetables. The estimated
and measured values were compared to determineeffiiency (EF) of the
developed model. For Cd, EF values ranged betweri Gnd 0.953, while for Pb,
the range was 0.514-0.995. The overall results sHatlvat the model output using
transpiration pull driven by environmental factoras reliable to predict the uptake

of the heavy metals.
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CHAPTER ONE
1.0 INTRODUCTION

Urban and peri-urban agriculture is a dynamidaethat is characterized by
the proximity of production to consumption sitets performance, however, is
limited by unavailability of water (Gueye and Moas2001). One of the strategies
adopted to offset the water deficit is irrigationithw wastewater. The use of
wastewater in crop production enhances the avéilalf fresh water for other
purposes. Dakar, for example, has a daily drinkivager deficit of 100,000 to
162,000 m. Dakar, meanwhile, generates 100,000ahwastewater a day (Niang,
1999 in Sonou, 2001). In Ghana, a study carriedrofumasi showed that between
1997 and 2003 water demand deficit increased fr8ra47to 80.51% (Ofosu, 2005).
Water consumption within the period increased by7B3% but production levels
could only increase by 26.85%. The use of potaldéewfor urban/peri-urban crop
production in Ghana is constrained by high tariffigking it uneconomical and non-
viable (Sonou, 2001). There is also a lack of ezibédy of potable water typically
in the peri-urban communities. Peri-urban is ti®n hinterland - a zone influenced
by the presence of the urban centre, but ofterl nrraemi-rural in characteristics.
Production is carried out on a larger scale, withstrproduce being sold to generate
a cash income (Cornish and Lawrence, 2001). Nunsersiudies carried out
worldwide show that wastewater contains high orgamiatter and fertilizing
potential that can enrich and recondition agrigaltsoils to increase crop production
(Birley and Kock, 1999; Kockt al., 2001). This is confirmed by analyses carried out
on some wastewater bodies in Dakar and Ghana tmawvesl high values of
biological oxygen demand (BOD) (Cornishal., 1999). This indicates the presence

of organic matter and high concentrations of niémo@nd phosphorus that constitute



essential nutrients for proper plant developmentef@, 2001; Sonou, 2001). The
benefits of application of wastewater are conséaiby the presence of pathogens,
heavy metals and other pollutants that can be #hhbazard to the consumers of
agricultural produce.

A build up of heavy metals in soils results frahe application of soil-
fertility improving sources like inorganic phospher fertilizers, sewage sludge,
wastewater, etc. (Het al., 1993; Smith, 1993). There are also contributiaiosnf
anthropogenic sources, including mining, incin@mtiproduction of plastics, nuclear
radiation, fossil fuel burning from vehicles andyew generating plants (Maiseb a
[., 2003; Nicolaet al., 2003). Some of these heavy metals are picked upeyoots
of plants growing in such soils as named aboveaaedtored in different parts of the
plants in different concentrations based on the tgp plant (Changet al., 1997;
Kulli et al., 1999; van Lune and Zwart, 1997).

The movements and levels of accumulation of heastals in a plant depend
on soil type, plant and environmental factors (W&y, 1995). The soil factors
include properties like pH, texture, organic mattation exchange capacity (CEC)
and complexation of soil constituents. The avalighbof heavy metals to plants, for
example, is controlled by the pH of the soil. Agd@n of heavy metals to clay
minerals and organic matter increases by increasigH (Kiekens, 1984 in Smith,
1993). The plant factors include the rooting syste/pe of leaves etc. Transpiration
of water through the stomata of leaves is the dgwiorce for heavy metal uptake
through the soil. Plants, while loosing water bis throcess, will draw more water
from the soil into the xylem and, as this takesglahe heavy metal is drawn into
the root by diffusion. Environmental factors inctutemperature, relative humidity

and wind. Low relative humidity promotes metal Watahrough the cuticle, since



the environment is dry with high evaporative demdddder low relative humidity
condition the cuticle shrinks and the deposits m€@ticular lipids (waxes) become
compressed, impairing the passage of water-solof@&als (Martin and Juniper,
1970). Increase in temperature also leads to iserea uptake of metals. For
example Macelet al., (1994) showed that Cd uptake $olanum nigrum increased
with high temperature. An increase in temperatesgl$ to a high release of metals
like Cd that makes it more accessible to planufueke.

A study in the United Kingdom on accumulation ofdeaum in potato
established that the cadmium intake of an averagsuwmner, taking potatoes and
other vegetable plant foods only from sludge treéatal at the maximum permissible
concentration of 3mg Cd/kg (CEC, 1986), will be mpgmately 34ig/day for sandy
loam at pH of 6.5 (Smith, 1993).

Information on health risk effects from consumptminvegetables produced
in Ghana, particularly those irrigated with wastewvahas been speculative and
subjective. The few studies conducted so far canated on the pathogenic aspect
by examination of the exterior parts of the ediplants (Owusu, 1998). These
studies assessed the bacteriological implicatidresonsumption of such produce, if
not properly washed in a fresh state. Informatromf studies on the uptake of heavy
metals from soil by vegetables, the mode of pickthg soil and weather conditions
influencing uptake, is lacking in Ghana and alnakthe tropical African countries.
Virtually no studies have been conducted in thematudies on soils and plants are
not targeted toward investigating the perceivedblems associated with the
consumption of vegetables in Ghana.

Modelling heavy metals uptake by crops throughyation is also a subject

matter that has not been extensively carried otihénagricultural sector of Ghana.



There is, therefore, a gap of knowledge and inféienaon application of models to
the uptake of heavy metals by vegetables in then@ha agricultural sector. There
is also the need to carry out detailed research urban/peri-urban vegetable
production where wastewater is the main sourcerigiition and poultry manure and

sludge are intensively applied all year round tpriowe the fertility of the soil.

1.1  Statement of problem

In Ghana, the urban/peri-urban vegetable produd@mior is growing at an
appreciable rate and is of particular concern du¢hé rate of the application of
wastewater for irrigation, and poultry manure aead/age sludge to improve the soil
fertility. Lately, there is the promotion of sludged poultry manure to improve the
quality of agricultural soils. This is said to bem economical and environmentally
friendly (Mensakhet al., 2001). A survey in September, 2005 of vegetablfesome
local markets in Kumasi showed from laboratory gsialthat vegetables on markets
had higher heavy metal concentrations than the ipsifoie values set by FAO/WHO
(Mensahet al., 2007). For example, cabbage samples showed #ds=me of the
following metals in the corresponding ranges: C8-001 mg k¢f, Ni-21.98-76.35
mg kg*, Pb-6.1-45.21 mg k Fe-990.36-8163 mg Kgand Cu-40.17-65.08 mg Kg
However, the problem is that no scientific resedral been conducted to quantify
the amount of heavy metals from irrigation watenlfry manure and sewage sludge
into soil solution for uptake by vegetables.

The amount of Cd and Pb being ingested into they lmbcconsumers when
consuming these vegetables is therefore not kndwen. proper management of
urban/peri-urban wastewater irrigated vegetablesgetis the need to develop a tool

for predicting plant concentration levels of Cd aMaas they change with irrigation



water concentrations and with organic and inorgdaitilizers applied (Oliver and
Naidu, 2003; Maistat al., 2004; Nicholsoret al., 2003). This tool is lacking and
hence the study seeks to provide a valuable caoiito towards its development.

The population of Africa is estimated to triple Bp50 and this will be
primarily in the urban and peri-urban areas or camities (UN-Habitat, 2001). As
at 2004 about 44% of the population in the Wesicafr sub-region live in urban
areas (UN Population Division, 2004), compared%®@id 1920. In Ghana the urban
population is also estimated to be 44% which iseetgd to increase rapidly as a
result of 6 to 9% growth rates of her (peri)urbaeaa (Ghana Statistical Service,
2002).

The urbanization phenomena influence both the dasine and qualitative
changes in urban food demand. These changes dmlli@od production, rural-
urban linkages, transport and traditional markeirs (Obuobie, 2006).

In Ghana, urban crop farming comprises two formg: gpen-space
production for the urban market and (ii) backyaatdgns cultivated mostly for
home consumption.

Basically, 85% of wastewater generated from urbamtres worldwide ends
up in the environment in its untreated form. In @danly a minor share of the
wastewater is treated and less than 5% of the ptipolhas sewerage connections
(Obuobieet al., 2006). Most domestic grey water passes througimsteater drains
into streams. In Accra about 3,300 ha are undetemader irrigation mainly during
the dry season. This is equivalent to about 60%heftotal area currently under
formal irrigation (schemes) in Ghana. In Accra,réhare about 800-1000 vegetable
farmers of whom 60% produce exotic vegetablesugettcabbage, spring onions and

cauliflower) and 40% indigenous local or traditibnegetables (tomatoes, okro,



garden eggs (aubergine and hot pepper). Plot sizésr cultivation range between
0.01-0.02 ha per farmer and a maximum of 2.0 h@enmturban areas of Ghana.

In Kumasi, there are about 41 ha in the urban aneler vegetable irrigation
while the peri-urban area has more than 12,000nkdarurrigated vegetable farming
during the dry season (Cornish and Lawrence, 2001).

Water pollution from heavy metals does not, in nuzges, exceed common
irrigation standards (Corniskt al., 1999; Keraita and Drechsel, 2004). Possible
exceptions may be streams passing through golchmarieas.

Urban and peri-urban farmers involved in open spagréculture have little
alternatives to using polluted water from streadrgjns and wells. Only in a few
cases do they have access to pipe-borne water andftord its use. In Kumasi,
urban farmers mostly use watering cans while pdyan farmers often use pumps to
convey water from rivers and streams to their famiéch are often farther away
from water sources than the plots in urban areas.

Urban wastewater vegetable production in Ghana been found to be
generating the highest net revenues per hectaren Evith plot sizes that are
significantly smaller than those in the rural areaban farmers earn at least twice as

much as rural farmers (Obuobie, 2006).

1.2 Research hypotheses

This study was carried out on the basis of thewalhg hypotheses

i) Heavy metals in irrigation water are absorbeddmts of irrigated vegetables
and accumulate in the edible parts.

i) Plant uptake of heavy metals from irrigation watepends on the exposure

rate of the root to irrigation water applied.



ii)

1.3

Concentration of heavy metals in vegetables wittréase as the metal
concentration in irrigation water increases.
Different vegetables at different development ssagespond differently to

cadmium and lead concentrations in irrigation water

Study objectives

The general research objective was to develop @ginee model that can be

used to estimate heavy metal concentration in glagiven the concentration in

irrigation water and its application rate, certsail properties and climatic factors.

The specific objectives of the study were to:

i)

ii)

Establish the levels of cadmium and lead conceatrstin irrigation water
made accessible to plant roots in soil after itraya

Establish, if any, a correlation between plant cadm and lead
concentrations corresponding to predetermined curet@ons of cadmium
and lead, respectively in irrigation water.

Find out an appropriate method in predicting Cdcemrtration in soil solution
to establish a relationship between soil Cd comeéioh and moisture
content.

Develop a predictive mathematical model that caruded to estimate the
concentrations of cadmium and lead in vegetablesvigron land irrigated

with wastewater.



CHAPTER TWO
2.0 LITERATURE REVIEW
In this chapter an extensive literature was revikwe areas of sources of

heavy metals in agricultural soils through to difiet types of modelling heavy metal
concentration in crops without having physical nueasent. Literature reviewed
included those on Cd and Pb uptake by vegetaldesors affecting metal uptake,
effects of heavy metal concentration in irrigatiwater, nutritional status and trace
element contamination, heavy metal distributionwleetn solid and liquid phases
(partition coefficient) based on soil and waterpgaaies and health effects of heavy
metals on both human and crop and also their sffectbiological activity of soil.
This chapter also outlines the processes and fatiat influenced the translocation
of irrigation water metal content into the cropsl dnmow the crop metal concentration

could be determined without physical field or ladtory analysis.

2.1  Sources of heavy metals in agricultural soils

This section outlines the major sources of heavyatsethat could be
accessed by crops in media used for crop produclibe major media for crop
production are soil and water and the presenceeafyh metal in either of these
media is accessible to plant roots. While cadmismnaturally present in low
concentrations in soil (< 10 ppb), its concentratian reach the 100 ppm range in
areas immediately adjacent to mines, smeltersN&@H battery plants. While these
industries may affect a limited amount of agrictdtdand, Cd is actually deposited
in a wide area as a result of the agricultural ficacof using untreated sewage

sludges as fertilizer.



Nicholsonet al., (2003), studying the inventory of heavy metalsutispon
agricultural soils in England and Wales, concludleat the major sources of soil
heavy metals include atmospheric deposition, sewsligege, livestock manures,
inorganic fertilizers and lime, agrochemicals,gation water, industrial by-product
‘wastes’ and composts. Of these sources, atmosptieposition was found to be the
main source of most heavy metals entering agricalltand, with livestock manures
and sewage sludge also being locally importantcgsurJoshi and Luthra (2000)
carried out a study in India and found that the msources of soil heavy metal
pollution are geogenic, mining and smelting, digpha@$ municipal industrial wastes,

use of fertilizers, pesticides and fumes from autbites.

2.2 Cadmium and Pb uptake by vegetables

The main sources of heavy metals in agriculturalssare atmospheric
deposition (Plate 1.1), fertilization, sewage, costpand wastewater application
(Alloway and Ayres, 1993; Ingwersen and Streck,2®oss, 1994). While some of
these heavy metals may be nutrients for plantsoat doncentrations, some are
harmful to plants as well as soil organisms. Lead of the hazardous heavy metals
found in agricultural soils, originates from a nwnhof sources including paints,
gasoline additives, smelting and refining of Pbstpéde production and Pb acid
battery disposal (Eicket al., 1999; Paf and Bosilovich, 1995). Cadmium in
agricultural soils may be from phosphate fertilzesewage sludge, wastewater for
irrigation, waste from smelting sites, and othe@admium is one of the most mobile
and bioavailable heavy metals in soil and may cdugean and ecotoxicological

impacts even at low concentrations.



POTENTIAL SOURCES OF CADMIUM
AND UPTAKE BY VEGETABLES
ATMOSPHERE
PHOSPHORUS Jea IRRIGATION
CONTAINING WATER
FERTILISER
MANURES &
ORGANIC WASTES -
Cd
cd
cd cd - Cl CCCT
~d NATURAL
SOIL CADMIUM e %9 ea

Source Horticulture Australia, 2003
Plate 2.1: Potential sources of cadmium for plant piake

Deposition of metals to soil may be deleteriousctop growth and soil
productivity and may also produce crops containingcceptably high metal levels
that may impact negatively on animal and humanthgBlouri, 1980). The available
metal concentration in soil is reduced by sorpton the extent of partitioning is
determined by soil properties that may include piganatter, pH, clay and iron
oxides/hydroxides (Bergkvist and Jarvis, 2004; Kmsmurti and Naidu, 2003;
Streck and Richter, 1997).

Metal uptake by vegetables is often characterizgda bsoil-plant transfer
factor, TF, (e.g. Baes llet al., 1984). However, the ‘Free-lon Activity Model’
(FIAM) suggests that uptake may be controlled byatien activity in the soil pore
water (Parker and Pedler, 1997).

The uptake of heavy metals and their distributiocriops differ among crop
species and even among cultivars within a speBiedq 1.2). Variation of Cd uptake

by cultivars of potato has been reported by McLéingé al., (1994b); wheat by
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Chaudriet al., (2001) and Oliveet al., (1995); maize by Florijn and van Beusichem,

(1993); and spinach and carrots by He and Sing®4(119

high

medium

low

Susceptibility to cadmium uptake

Other crops Risk Root & Bulb crops
Vegetable grouping and risk

*Potatoes are variety specific

Source Horticulture Australia, 2003
Plate 2.2: Crop susceptibility levels to cadmium

The yield of a crop and its development are fumgtiof the quality and the
guantity of water supplied to the root zone of ¢hep (Rao and Mathur, 1994). Yield
is also a function of soil texture and of nutri@wvailability. The presence of heavy
metals in soil solution adversely affects the enatymactivities of photosynthesis
minimising dry matter production.

Heavy metal contamination of agricultural soilsnfrevastewater irrigation is
of serious concern because of its negative impadtuman health. Serious systemic
health problems can develop as a result of excesgieumulation of dietary heavy
metals such as Cd, Pb and Cr in the human bodyd0IL997). Heavy metals are

not degradable; hence, they can accumulate to texals in soils due to long-term
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application and in the body of consumers of prodinom such soils (Bohet al.,
1985). Produce from such places has higher prabatwf having heavy metal
concentrations beyond the permissible level for &mronsumption.

Metals, in ionic form in soil solution, get to theots of plants by mass flow
(transpiration flux) or diffusion (Marschner, 1998hd possibly both. Root solute
uptake is coupled with the root water uptake (Inge&a, 2001). Accordingly, the
root metal uptake may depend on the water uptaieeenzen when active uptake is
dominant. The use of industrial and municipal waster is a common practice in
many parts of the world (Feigiet al., 1991; Urie, 1986), particularly in developing
countries including Ghana (Cornighal., 1999). Access to adequate quantity and
guality of water for irrigation in the urban/penban communities of Ghana has
been a major concern (Cornish, 1999). About 80 9496f vegetables consumed by
people in urban communities are produced in urlER{pban areas where high
quality water may not be accessible. Where acdesdie high cost of irrigation
water makes its use prohibitive. Growers of vedetltherefore use wastewater
from drains that receive effluents from various rees and other urban polluted
water bodies. A few of them use hand-dug well®é water table is high. Irrigation
of crops is by the use of watering cans and thénaakis either broadcasting or plant
specific (localised) with an application rate ticauld be about 25 — 30 Lfnfor a
single application. The urban/peri-urban vegetaisteduction in Ghana has wider
land coverage than the state-owned irrigation selsem Ghana. For example, the
irrigation coverage of urban/peri-urban vegetabledpction in the Kumasi
cosmopolitan area covers 164,000 ha as comparedL,@0 ha of state-owned

irrigation schemes countrywide (Cornish and Aid2@00).
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Since the 1980s there has been systematic incodasgetables in the diets
of the urban population as a result of changeshéndating habits due to factors
including socio-economic improvement, populatioavgh, job creation for the army
of the urban unemployed and “westernization” otwa. This has brought pressure
on government acquired lands for development in dhean areas as well as
resources like water.

A number of previous studies from developing caesthave reported heavy
metal contamination in wastewater (Cao and Hu, 20@fwersen and Streck, 2005;
Mapandeet al., 2005; Nyamangara and Mzezewa, 1999; Setgt., 2004). This has
consequently led to soil contamination. CornistO@)9assessed the water quality of
a few water bodies in Ghana concentrating on heaeyals levels for drinking
purposes. Plant metal concentrations of producen fuban/peri-urban areas have
not been studied in Ghana so there is lack of dateegetable metal concentrations
from areas that practice wastewater irrigation.

Most studies carried out on metal uptake have lm®emwerned with metal
uptake from soil by crops other than vegetablesakipfrom applied irrigation water
has virtually not been considered. Where vegetahtesconcerned, most studies
have been at the greenhouse level. Data on stadiedirect metal uptake from
irrigation water are limited. In Ghana, there has lbpeen any study of metal uptake

by crops particularly vegetables from irrigatiwater through transpiration.

2.3 Effects of heavy metal concentrations in irriggon water
Heavy metal concentration in irrigation water isiaportant source for crop
uptake. Soil solution is may be formed from irrigat water and become

heterogeneous in the soil after irrigation. Wastewavhether treated or not, is used
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in crop production globally. Wastewater may contaarious pollutants, notably
pathogens and heavy metals which have detrimeffedte on soil organisms and
irrigated crops. Huyet al., (1996) carried out research on metal contamination
soils near Ho Chi Minh City in Vietnam and a rivarthe city. The studied metals
(Mn, Cu, Pb, Zn, Fe and Cd) were found to occutifferent concentrations in river
water, water in canals and ‘soil-contained’ wat&he metals were found to
accumulate in earthworm in very high concentratiansl in correlation with the
concentration of these metals in the soil. It waseoved that the influence of €d
on the growth of rice was stronger than the infeeenf PB*. Spinach or morning
glory was able to adapt itself in an environmenemhwater was polluted by lead.
However, when the concentration of Pb exceededmd, ppe roots of the morning
glory turned black and the plant got rotten aftee oveek. At lower concentrations,
spinach could grow but when concentrations weoeeased, growth was stalled.

Cadmium in soil caused the death of spinach plnésconcentration of 2.5 ppm.

2.3.1 Kinetics of irrigation water Cd and Pb in sanly loam soil

Soil solutions are formed from rain and irrigatwater entering the soil. Soll
solutions are found to be heterogeneous, contadfiffeyent substances such as trace
metals, organic and inorganic ligands, oxides apdrdxides and other cations.
There is therefore, an interaction between soméhe$e components of the soll
solution that is influenced by the prevailing cdmatis affecting availability and
mobility of metals in solution. Due to the mobiliéf soil solution, the retention and
release reactions of soluble contaminants with Il metals are time-dependent

rather than instantaneous equilibrium processeas, (¥97).
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Soil solutions in agricultural soils, sludge—amehdmils, and industrially
polluted soils often contain heavy metals such dsad Pb. The mobility of these
metals in terms of bioavailability to plants maypdad not only on the total
concentration in solution but also on the speamtd the metals (Bingharet al.,
1984). Soil solution may contain Cd and Pb as difie chemical species — free
divalent cations, inorganic complexes, and organioplexes.

The speciation, adsorption and distribution of @dsoils are governed by
factors such as pH, soluble organic matter contsmrous metal oxide content, clay
content and type, presence of organic and inorgiégands, and competition from
other metal ions (Holnet al., 1995; Binghamet al., 1984). Soil pH affects the
speciation and adsorption of heavy metals in sdédtermining the mobility,
bioavailability and toxicity of the metal.

Heavy metal uptake by plants occurs via the sdilitem. Free metal ion
activities are usually better indices of metal beikability and toxicity than are total
soluble metal concentrations. As the mass of théewaanspired by the plant
increases the Cu concentration in both the root shrabt increase as reported by
Cheng and Allen (2001).The results indicated thatd®ncentration in lettuce is
dependent on the growing period of the plants.

The time required to reach equilibrium dependsahproperties, the higher
the soil organic matter content, the longer thestineeded for a reaction to reach
equilibrium. For example, the adsorption of Hg (b the freehold sandy loam,
which contained a very small amount of organic {d, mbt increase significantly
after 60 min, while adsorption on the Dunellen safmbhm kept increasing until

equilibrium was achieved at about 5h (érel., 2002).
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The mobility and fate of metals in the soil envimoent are directly related to
their partitioning between soil and soil soluti®roton concentration is the principal
factor affecting the partitioning process. Theaaif the metal concentration in the
soil, [M]s to the concentration of metal in the solution ghds],, may be described
by a partition coefficient (i mL g%), which is a function of pH, metal
concentration, and other properties of the soluéiod the solid matrix (Leet al.,

1996):

M1,
1
M1, @

d=

Metal adsorption is highly pH dependent. The déférsoils have different
adsorption abilities. Among all soil propertiese thrganic matter plays the most
important role in controlling Cd(ll) and Pb(ll) sdion by soils. The adsorption
coefficient (Ky) increases with increasing pH values (¥iral., 1997).

Indiscriminate disposal of city wastes, sewage mmaiistrial effluents and
solid waste aggravates the heavy metal (eg. cadriidh and lead (Pb)) pollution.
Cadmium and lead sorption isotherms vary amongtgpéds and depend on various
factors such as the chemical and mineralogicaladheristics of the soils (Mineat
al., 1997).

Urban/peri-urban vegetable production has been Ilyndiy wastewater
irrigation. The water bodies being used have beevirgy as receptacles of effluents
from garages, industries, residential areas andpoart sources. The effluents pick
heavy metals as pollutants that end up in thesentaidies being used for irrigation
of urban/peri-urban vegetables. The kinetics ofalieed heavy metals in irrigation
water when they end up in the soil through irrigatdetermines the bioavailability

and mobility of metals to vegetables for uptake.
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2.3.2 Cadmium release in low moisture content seil

Bioavailability of trace metals in soils has beelated to the concentration or
activity of metal ions in soil solutions rather thi® total metal content (Holm, 1995;
Allen, 1993; Van Gestel and Koolhaas, 2004). Raniihg of the metals between soil
solid and solution phases has been studied exgnsivsoil suspensions but usually
not in soil solutions at low moisture content asmownly observed in field
conditions. Thus, development of approaches tapgtate the data obtained in soil
suspensions to the soil solutions remains a clafigrproblem.

Several options have been proposed in the litexdtupredict Cd partitioning
in soil. The partition coefficient (i was found to fit the distribution of the metal in
the suspensions of contaminated soils at relatilaly Cd content (Anderson and
Christensen, 1988Lee et al., 1996). However, over a wider range of Cd
concentrations, the relationships between sorbeda@tl dissolved Cd were non-
linear (Streett al., 1977; Tilleret al., 1979). Cadmium sorption by soils followed
the Freundlich equation (Buchtetral., 1989; Elzingaet al., 1999), but application of
this approach is limited, as the relationship betwée parameters of this equation
and soil properties still remains unclear. Tippieg al., (2003) applied the
Windermere Humic Aqueous Model (WHAM VI) to fit thmoncentration of Cd in
soil solutions of field-contaminated soil samplEse average predicted dissolved Cd
concentration was 2.8-fold larger than the averagserved value. Wengt al.,
(2002) used WHAM VI and the NICA —Donnan model ib the Cd activity
determined with a Donnan membrane technique in dbkitions obtained by
extraction of field-contaminated soil samples w002 M Ca(NQ). (soil: water
ratio 1 : 2). The Root-Mean-Square Errors (RMSE}haf predicted values of the

logarithm of Cd activity was 0.26 to 0.35. Windemmé{umic Aqueous Model VI

17



(WHAM VI) and NICA-Donnan models were applied tdatdate free C8' activity
in salt extracts (soil : solution = 1:2), wherenihs measured with differential pulse
anodic stripping voltammetry, and the values of FBI8 log(Cd) were reported to
be 0.54 and 0.57, respectively (Gal., 2005).

However, the models available in the literature evdeveloped and tested
mainly based on the data obtained for soil suspessand were not validated for the
metal partitioning in soil at low moisture conteaguired for the prediction of metal

toxicity in soils.

2.3.3 Soil water movement to plant root

Soil metal is accessed by plant in dissolved fdhat is, in solution. McCoy
et al., (1984) examined plant water uptake from a unifgrnoloted soil volume by
numerically solving the nonlinear diffusion equatidhe equation they gave was for
a soil cylinder bounded externally by an insulatswgface, located at the half-
distance between adjacent roots and internallyhieyrbot surface. A sinusoidally
varying uptake rate was employed to simulate tbendi evaporative demand, while
the actual water flux across the inner surface w@srolled by the root surface
matric potential through a stomatal adjustment fionc The analysis was conducted
for Chino clay, Pachappa sand, and Indio silt loasng hydraulic parameters. The
analysis also used root radii of 0.003, 0.005, @ &id 0.020 cm and root densities of
0.080, 0.142, 0.318, and 0.650 cm root length pbicccentimeter of soil. The study
concluded that the parameter for determining p@kgtadients for soil water uptake
by roots is the diffusive resistance, i.e., radiitance divided by soil water
diffusivity, since it provides information on thetential loss required to transport
water from the soil to the root and not just théeptial loss from transmitting water

through the soil.
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Wilderotter (2002), using the Richards equation eamt with an efficient
numerical method to simulate soil water flow andnplroot growth. The method
allowed the calculation of the water uptake of atire root system while preserving
the local impact of single roots. Through this stes successful in combining a
model for water flow based on Richard’'s equatiothvé root growth model. Also
she was able to show that the adaptive finite-eltnmeethod was an important
contribution for computationally upscaling from timelividual root level to the level

of a complete root system.

2.3.4 Trace metals in soil and plant leaves

Trace metals of plant leaves may come about eitm@ugh atmospheric
deposition or absorption from soil solution by glesots or through leaves stomates.
Maistoet al., (2004) in a study measured the concentrationsdpiGZ, Cu and Pb in
Quercusilex L. leaves and soils collected from 15 sites of then@ania Region of
Italy, to evaluate the effect of translocation amdiirect deposition from air on leaf
element concentrations. Using the concentratiotofageaf/soil) they investigated
the translocation of the element from soil to lesavéheir findings suggested that leaf
concentrations of trace metals were affected saamtly by air concentrations. The
translocation of the studied elements from rootie&wves appeared significant only
for Cu. Thus, Cd, Cr and Pb leaf accumulation apgzbdue essentially to deposition

and direct uptake from the air by foliar absorption

2.4 Nutritional status and trace element contaminion

In this section mode of heavy metal transportationroots and supply

mechanism for ions in soil has been reviewed. Eglains the uptake by root of
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crops according to the root morphology as metalriligion in the soil profile
decreases with depth. Nicodhal., (2003) assessed the nutritional status and trace
element contamination of holm oak tree woodland¥@suvius National Park by
analyzingQuercus ilex leaves and surrounding soils. The concentratiérSdp Cr,

Fe, K, Mg, Mn, Na, Ni, Pb, and Zn were measured-year-old leaves and in the
soils at 0-5 and 15-20 cm depths. The potentialgilable concentrations were also
measured for the soils. Cadmium and Pb showed hgghleconcentrations at surface
layers than at deep layers. Cadmium, Pb and Zneptages of available soil
concentrations with respect to the total soil com@gions of each element was high

and considerable translocation of Zn from soilketres was noted.

2.4.1 Nutrient transport in the rhizosphere

Metals, e.g. Cd and Pb, are transported from sgldnt roots by mass flow,
diffusion, and root interception (Ingwersen ande8t; 2005). Mass flow and
diffusion are considered to be the most importapps/ mechanism for ions in soil
(Marschner, 1995). Where the uptake by roots isitgrethan the supply by mass
flow, the ion concentration will decrease at th®trsurface and diffusion will
become increasingly important.

Cushman (1982) examined the differences in nutriamilability and
transport between the rhizosphere and bulk soilrirdily reviewing absorption
mechanism of root surface through discussion obigt®n models. The differences
were found to manifest themselves in the diffustoefficients, buffering powers,
soil mechanical structure, and nutrient solubibtyd production. Cushman (1982)
found that transport and availability of nutriemtween the inside and outside of the

rhizosphere could be different as a result of déffé coefficients of transport and the
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varying nutrient productivity rates. Evaluating tAealytical concentration equation
at root surface and substituting into an equategresenting total nutrient uptake for
a root growing at an exponential rate, he was ablgive a closed form exact

description of the cumulative nutrient uptake.

2.5 Factors affecting metal uptake

Heavy metal availability to plant roots for uptattepends on the properties
of the medium in which the heavy metal is pres@iis section discusses major
factors and properties of soil and water influegcimetal availability through
speciation and sorption. The uptake of Cd by plaetsends on both soil and plant
factors as well as by management practices. lbkas shown that the Cd content of
plants increases with the amount of superphospéyapdied (Williams and David,
1973) and with a decrease in soil pH (Williams dbalvid, 1977; Tiller, 1988;
Whitten and Ritchie, 1991). The pH is one of thestmmportant factors affecting the
lability of heavy metals in soils both directly anddirectly. Aqueous metal
speciation changes with pH which affects metal sonpand desorption on solid
surfaces. For example, hydrolysis of metal ionshigher pH tends to increase
sorption because hydrolyzed species have lowerasoiv energies for surface
binding than do aquo metal ions (James and He8K2)1 Increases in pH decrease
surface potential and proton competition and tfax®dir metal binding (Yiret al.,
2002).

Plants take up metals from the soil solution so fyor that affects their
concentrations in solution and the rate of replemisnt of the solution concentration

(after it has been depleted) will affect the exiafrthe metal uptake.
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When Cd enters the soil it may remain in solutisradree cation or complex
with inorganic or organic ligands (Tills and Allowal983). The reactions of Cd
with each soil component will depend upon a nunddeactors, e.g. soil type, pH,
rainfall, temperature, time, management practispscies of plant, the ability of the
soil to bind cations and source of applied Cd. &ample, specific adsorption of Cd
onto the edges of clay minerals is pH dependentb@s®t al., 1976; Tilleret al.,
1984; Brummeet al., 1988).

The optimal pH for a contaminated home-garden ggsested to be greater
than 6.5 because this would ensure strong bindinghast metal contaminants
(Tiller, 1988). However, problems may be encourtendth raising the pH above
this level such as decreased availability of miataants and the onset of deficiency
symptoms. Soil pH is an important factor contraliavailability only for polar
species that may become charged with changeslipld@nd then become sorbed to
charged clay particles within the soil (Oliver axdidu, 2003).

Soluble and exchangeable forms of Cd are considerd® the most labile
and available pools for leaching and uptake bytpléiHarrisonet al., 1981; Hickey
and Kittrick, 1984). Hence, the amount of Cd inséaéorms will be indicative of the
potential for Cd accumulation in plants or for Ghtamination of ground waters via
leaching. At lower pH values, soils with appreceafdrganic matter would retain
more Cd in forms that are unavailable or unleachabtomparison to soils with low
organic matter. However, at higher pH values, swilh oxides would contribute
more to Cd retention. When the number of sites xides is appreciable, Cd could
be preferentially adsorbed by hydrous oxides at dkpense of adsorption onto
organic matter. A study by Mann and Ritchie (19&/3)wed that a decrease in pH or

the amount of adsorption components in the sotdiaed Cd occurring in forms that
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are more soluble or absorbable by plants. The faht3d were also influenced by
the rate of Cd application. At lower rates, Cd wassent as less soluble forms in
soils dominated by oxides and the clays, whereagiaeous and peaty sands, the Cd
rate had no significant effect on the forms of Thus, Cd would be more available
to plants when it was applied at higher rates its stbominated by oxides or clays
and equally available in sandy soils and soils witilyanic matter at all the
application rates.

Siposet al., (2005) studied adsorption characteristics of leadsach genetic
horizon of a natural brown forest soil profile #cognize the possible immobilizing
effect of a mineralogical diverse soil profile imet case of a possible lead
contamination. The experiment was carried out omlaIsoil samples, soil clay
fractions as well as on their carbonate and orgaratter free variant and analyzed
with  Transmission Electron Microscopy-Elemental @sgtination X-ray
Spectroscopy (TEM-EDS). The study showed that acgamatter greatly influenced
lead adsorption and its natural distribution. Cousatly, soils characterized by high
amount of organic matter, swelling clay mineral woalation horizon and
calcareous subsoil are able to immobilize a sigaift lead pollution.

Van Lune and Zwart (1997), investigating the uptakeadmium by crops
like spinach, carrots, celery, maize and potatoes) fthe subsoil of different soil
texture found that cadmium uptake by some of tt@p<rincreased linearly with
increasing depth of cadmium addition to the sdils.the rest of the crops (spinach
and potato), the increase was exponential. Theyfalsnd out that cadmium uptake
by crops on sand was higher than on sandy loamy Thacluded that acceptable
cadmium concentration levels in soils should beeBiasn both concentrations of
cadmium in the topsoil and the rooted subsoil. Tharep cadmium uptake was
affected by both cadmium concentrations in the ddpsnd subsoil, soil type and

plant species.
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Smith (1993) examined the effect of soil pH on @mications of Ni, Cu and
Zn in ryegrass grown on two sludge-treated soildeurfield conditions and the
maximum permissible soil limit values for these nedémts were determined.
Concentrations of all the elements in ryegrass Vi@rad decreasing as simple linear
functions of increasing soil pH and this was caesisacross the range of pH values
measured (pH 4.2-7.0). Individual elements respdriterently with Cu being less
sensitive to changing pH conditions compared withaAd Ni.

Climatic factors such as humidity, wind speed asmgerature have impact
on plant metal uptake. These factors influence uaparessure deficit that is
temperature dependent, and governs transpiratiochws the driving force for ion
uptake by plants. Ehlers (1989) conducting a stuuyranspiration efficiency of oat
established that dry matter production and the tjyaot water used by the crop via
transpiration are linearly related. Also he showkdt normalizing water use by
either the rate of potential evapotranspiratiosaiuration deficit of the air improves
the relation to biomass production. Ingwersen Stréck (2005) concluded from
their study on crop uptake of Cd from sandy sdilattCd uptake by crops was
related to the saturation vapour deficit of the @agphere. This indicates that apart
from several other plant and soil factors, clim@t® plays a role in controlling metal

uptake.

2.5.1 Cadmium uptake by potato

McLaughlin et al., (1994b) sampled fifty commercial potato crops and
associated soils for a study. Soil solutions weraeted from rewetted soils by
centrifugation and solution composition relatedCith concentrations in tubers. Soils
were extracted with 0.08 Ca(NQ), and 0.0IM CacCl} solutions. Relating tuber Cd

concentrations to chloro-complexation in soil soltsuggested that Cd species
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other than the free Gtlion were involved in the transport through soitl amptake of

Cd by plants.

2.5.2 Kinetics of metals in soil solution

The dynamic equilibrium between metals in soluttord soil-solid phase is
determined by the properties of the soil and comtiposof the soil solution. The
equilibrium in turn controls the availability of eminants to plants for uptake. The
major soil factors controlling the equilibrium aseil pH, ionic strength and presence
of cations in soil solution that may compete forpsion, presence of ligands in soll
solution that may affect sorption, soil organic teatnd dissolved organic material
(Oliver and Naidu, 2003).

The mobility of metals in terms of bioavailability plants and leachability to
groundwater may depend not only on the total comagon in solution but also on
the speciation of the metals (Hoknal., 1995). Soil solutions may contain metals as
different chemical species -free divalent catiansrganic complexes, and organic
complexes. Holnet al., (1995) showed that Cd and Zn concentrations ifewdint
solutions decreased within the first hour of th@exmental period of 30 h and
remained constant until the end of the experim&hie study also showed that
increasing Ca concentration decreased the akd increased the total metal
concentration in solution at equilibrium.

The mobility and fate of metals in the soil envineent are directly related to
their partitioning between soil and soil solutiobe¢ et al., 1996). The most
important factor controlling the partitioning ofraetal to soil is the solution pH.
Generally, the percentage of a cationic metal d@gbmcreases as pH increases with

a transition range of 2 to 3 pH units. The highatetence of Cd adsorption on pH is
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explained by the fact that hydrogen ions affectdhdace charge of the adsorbent,
the degree of ionization and the speciation ofatieorbate (Elliot and Huang, 1981
in Leeet al., 1996). A study has shown that the proton coneéotr is the principal
factor affecting the partitioning process. Schalitel Beese (1994) showed that over
specified pH intervals, the sorption of Cd ontdetiént soils could be related to their
specific surface areas. At low concentrations d@f @ganic matter, the contribution
of other binding sites such as metal oxides andeiarhange sites on clay minerals
are expected to become more important in the manitiig of Cd. The results of a
study by Leeet al., (1996) showed that the partition coefficients wéiighly

correlated with the organic matter content at adipH and diffusion of Cd.

2.5.3 Phosphorus and heavy metal attachment and ezlse in sandy soil
Zhanget al., (2003) separated five aggregate-size fractiongimgrfrom 0.50

to 1.00 mm from seven Florida sandy soils by deyisig. Each aggregate fraction
was characterized by phosphate sorption, sequdrdiEtionation of P, total water-
and Mehlich Ill-extractable concentrations of P &wedvy metals. Size differences in
sand, silt and clay aggregates influenced the atramohstrength of element binding.
Elemental attachment (particularly heavy metalsgréased with decreasing
aggregate sizes. Elements that are attached tclpastirfaces will be more readily
accessible to the soil solution. Consequently, élments may be leached more
rapidly, especially if they are present in watelubte forms than those that are not
water-soluble. Their findings were that sandy seilsre often clay- and organic
matter- deficient and weakly aggregated. Attachmeif and heavy metals in
various fractions to sandy soils tended to incresik decreasing aggregate size,

suggesting that surface attachment mechanismsotathie distribution of these
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elements among the different aggregate-size fragtidleavy metals are readily
transported to surface waters through suspendedpié@mticles. The percentages of
water-extractable and Mehlich Ill-extractable P Aedvy metals were higher in both
the 0.50 to 0.25 and 0.25 to 0.125-mm aggregatdidres, suggesting that P and
heavy metals in these two fractions would be meealily released to surface runoff

or leached to ground water.

2.5.4 Sorption characteristics of Cd and Pb

Adhikari and Singh (2003) carried out an experiment soils of five
ecological zones of India to evaluate the sorptithanism of cadmium and lead.
The thermodynamic parameters (thermodynamic egiuiiib constant (K), the
standard free energAG°), the standard enthalpyAi®) and the standard entropy
(AS")) were determined using sorption data and conagoms of Cd and Pb in
equilibrium solution at two different temperatu(@s and 45°C) of soil suspension.
The results showed that the soil CEC, pH, orgaratten, clay and CaC{content
could be considered as most important factors respte for the sorptive capacity of
soils for Cd and Pb. Thermodynamic studies revetdatdCd sorption reaction in all
the soils were spontaneous and exothermic, whil®Ioit was also spontaneous but
the reaction was endothermic. This suggests tleasdiis of tropical countries would
be more vulnerable to Cd toxicity due to higheeaske of the metal with increase in
temperature compared to that of Pb, although ib akowed higher sorption

capacity.
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2.5.5 Influence of soil properties on solubility ofnetals

Plants absorb metals through the roots in solufam. However, the
solubility of metal in soil solution is stronglyfluenced by some soil properties such
as organic matter content, pH and clay contentu\eetset al., (1998) attempted to
use empirical model to predict bioavailable metmeentrations from existing data
on total metal concentrations and those soil facttirought to influence the
partitioning of metals between the solid and solutphases of soils. They used
statistical analysis to quantify the influence ofl $actors on partition. Regression
analyses performed on secondary data showed pH odonsistent predictor of the
extractability of soil metals by reagents accepsdsurrogates for bioavailability.
They concluded that because metals formed compleibssoluble as well as solid
phase organic matter it might be the reason foritmdence of organic matter as a

predictor variable.

2.5.6 Solute travel times

The traveling time of a solute determines its akility to plant roots for
uptake. In a sandy soil, a plant with shallow raotsy have a shorter time of contact
with the frontline of the solute as it travels ihetsoil. Gish and Jury (1982)
conducted experiments in two soil columns with whgr@wn at constant leaching
fractions of 0.2 and 0.3. Chloride breakthroughesipents were conducted during
the constant leaching fraction phase to determime effect of water uptake
distribution on solute movement through a root zofAepiston- flow model for
calculating breakthrough times based on analogy wirk on bare soils was used to
predict the time when the chloride pulse would hetiee outlet end of the column.
They concluded that the presence of plant roota ijporous medium lowers the

fraction of wetted pore space available for solne water flow as compared with
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flow through the same soil without plants. Thus,dels that use pore water
velocities calculated as the ratio of local watex to local water content will under-
predict the velocity and hence over-predict theetirequired to traverse a given

distance within the root zone.

2.5.7 Transport of reacting solutes through unsatuated zone

Kuechler and Noack (2002) used rainwater of anmpuetipitation on two
different soil classes for numerical computation floiv of water, the chemical
reaction at the water- mineral interface and thedport of chemical species caused
by such flows. The water movement led to correspwndvariations in the

concentrations resulting in different load of tmeund water in the time period.

2.6  Cadmium distribution coefficient (K) and soil daracteristics

Heavy metal concentration in soil varies between gbil medium and the
solution as conditions like temperature and aciditye distribution of heavy metal
between soil and water media (distribution coeéfit) determines the concentration
of metal ions accessible to plant roots. This secteviews literature on cadmium
distribution coefficient as affected by soil projes. Holmet al., (2003) conducted a
study on the components important for Cd bindings@il. Cadmium distribution
coefficients at two fixed pH values and at low ©ddings for 49 soil samples from
Denmark were measured. Correlating parameters weoeped and step-wise
regression analysis revealed that the organic caduntent was a significant
variable at both pH values. Cation Exchange Capacitl gibbsite were important at
the low pH (5.3), while iron oxides were importaait the high pH (6.7). They
concluded that among the different soil parametassoil components present only

the carbon content and CEC were significant antittieaCd soil coefficient could be
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described reasonably at the fixed pH value by #reentage of carbon in the soil,
CEC of the soil, and the content of pyrophosphateaetable iron. The study did

indicate that equilibrium pH was the dominant pagtendescribing Cd soil sorption.

2.6.1 Metal availability to vegetables

Intake of trace metals from dietary sources mayesgnt a significant
exposure pathway for human populations (Baesetlil., 1984; Reilly, 1991).
However, dietary exposure to trace metals is highlyable. For example, the major
source of Pb in human diets is from postharvestgesing of food (Bolgeet al.,
1996). For Cd, however, the principal exposure edot the general population is
through uptake by food plants (Lopez-ifyiez et al., 1993). Where metal
concentrations in crops exceed the limits, it maypbssible to use this produce in
animal feeds in order to minimize the effect uploa human diet. However, animals
fed on a metal-enriched diet may have elevated exdrations of these metals in
their tissues and milk (Baaesal., 1992; Crewst al., 1992). The greatest degree of
metal accumulation occurs in offal, such as livarsl kidneys (Beresfordt al.,
1999). Regular consumption of metal-enriched anipralducts may also lead to
adverse health effects in humans (Reilly, 1991).

Contaminants as well as micronutrients generaliyjuawlate in the outer
skin layer (peel) of vegetables. Helgesen and Iraf$898) found, for example, total
As and Cu in carrot peel was approximately 2 tirmasl 2.5 times respectively
greater than in the core of the carrot. Higher Gdcentrations were found in potato
peel than in the potato tuber (McLaughdirel., 1994b).

Initial findings in India show that Cd, Pb and Zavéls in important

vegetables like spinach, beet, cauliflower and stadiegularly exceed acceptable

30



limits set by the Government of India posing foadesy threat to urban consumers
using products for home consumption.

Bunzl et al., (2001) studied the soil to plant transfer of sdmeavy metals
(arsenic, copper, lead, thallium and zinc) by vablets bean (phaseolus vulgaris L.
and dwarf bean), kohlrabB(assica oleracea var. gongylodes L.), mangold Beta
vulgaris var. macrorhiza), lettuce [actuca sativa L. ‘American gathering brown’),
carrot Daucus carota L.’Rotin’, Sperlings’s), and celeryAbium graveiolus var.
dulce (Mill.) Pers.] from a control soil (Ap horimoof an Entisol) and from a
contaminated soil (1:1 soil-slag mixtures). Thensfar coefficients for plant uptake
of As, Cu, Pb, and Zn from soils contaminated by tslags were considerably
smaller compared with an uncontaminated soil. Ta& devealed that for a given
type of slag and a given metal not only the cormegion ratios, but also the relative
availability of a metal in the slag for plant uptawith respect to its uptake from a
control soil depended strongly on the plant speciémllium from both types of
slags was more available for plant uptake by kdinlrearrots, and celery than soil-
borne TI. For several vegetables, however, thelahisity for root uptake from slag
with respect to the control soil was reduced by shene factor. The results thus
demonstrate that the factor by which the metal keptaf a plant from slag is
decreased (or increased) with respect to an uneeméted soil could be plant
specific, suggesting that some plants are abledbilire the metals in the slag to a
higher extent. Thus, plant-specific effects for ahetobilization might therefore be a
cause for a moderate success of estimation inatherdtory for the availability of a

metal for plant uptake from solid contaminant bgcleing tests with extractants.
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2.6.2 Crop uptake of Cd from P-fertilisers

Phosphorus based fertilisers have been found tdgaicortadmium. The
applications of such fertilisers tend to affectpg@n soil to which the fertilizer has
been applied. Het al., (1994) investigated the effects of different Rilisers on the
yields and Cd contents of oatdvéna sativa L.), ryegrassL{olium multiflorum L.),
carrot Daucus carota L.) and spinachSpinacia oleracea L.) grown in greenhouse
using soils treated with lime to achieve three lewd pH ranging from 4.77 to 5.94
for sandy soil and 4.97 to 6.80 for a loam soilofClyields were generally not
affected by liming or application of different kisdof P fertilizers, with a few
exceptions. Application of Cd-containing nitroggshosphorus, potassium (NPK)
fertilizers in all cases tended to increase thecQuacentrations in crops, the highest
concentrations in crops being obtained when thk-Qid NPK fertilizer was applied
(adding 12.fig Cd kg' soil). Cadmium concentrations in crops in mostesas
decreased with increasing soil pH. Cadmium coneéotts in plant species
increased with increasing Cd contents in the feelis except phosphate from rock
in which Cd was not easily available to plants, ahdse effects were more
pronounced in the sandy soil than in the loam $odrganic Cd-salt, applied at the
same level, tended to give higher Cd concentrationdants than Cd in a fertilizer.
Liming decreased Cd concentration in plants. Aggian of different P fertilizers
affected the P/Cd ratios in plant tissues mainisough their effects on the Cd
concentrations in plants. In conclusion, applicatid Cd-containing fertilizers might
increase Cd concentrations in plants, especiallgnatigh Cd fertilizer is used. The
availability of Cd in phosphate rock was relativédy and the low recovery of the
added Cd seemed to suggest that Cd-containing NRHKiZer, even at the normal
rate of application, will result in net accumulatiof Cd in soils. Also the low
availability of Cd in rock phosphate could be assted with the low solubility of

rock phosphate-P in soil solutions.
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2.7 Health effects of metals

Crop heavy metal bioaccumulates in consumers of suchpscro
Bioaccumulation of heavy metals in consumers hash hdentified to have major
adverse health effects and also the crops thatrlalifem. This section reviews

health effects of high Cd and Pb vegetable conagatrs on consumers and crops.

2.7.1 Health effects of cadmium (Cd)

Prolonged exposure to heavy metals such as cadnuiopper, lead, nickel
and zinc can cause deleterious health effects mamg (Reilly, 1991) as well as
plants and micro-organisms (Woaigal., 2001). Metal contamination of garden soils
may be widespread in urban areas due to past nelusttivity and the use of fossil
fuels (Chronopoulogt al., 1997; Sanchez-Camazaebal., 1994; Sterretet al.,
1996; van Lune, 1987; Wong, 1996). Heavy metals @yaccumulated by plants
irrigated with water containing high concentration§ heavy metal or metal-
contaminated soil (Cambret al., 1999; Dudka and Miller, 1999; Hawley, 1985).
Potentially toxic metals are also present in conum#ly produced foodstuffs
[Department of Environment, Food and Rural Aff§P&EFRA), 1999].

Risk assessment strategies are often aimed at giapulsubgroups. It is
common practice to identify vulnerable people igisty such as young children or
the elderly, and assess potential risks to thettnezil these population subgroups
[Dudka and Miller, 1999; Government/Research Cdandnitiative on Risk
Assessment and Toxicology (GRCIRAT), 1999]. Ryand a@haney (1995)
considered young children to be highly exposedviddals (HEIs). Thus risk
assessment can usefully focus on highly exposeploguitations on the basis that if

the risk to the HEI is acceptable then most ofpibeulation is protected.
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Cadmium is toxic to most forms of life. It has adency to accumulate in
both plants and animals. Mushrooms in particular ba very rich in cadmium.
Cadmium is moderately toxic to aquatic invertelsateducing their growth and
decreasing the survival of larvae. In fish, cadmipmsoning can lead to an ion
imbalance and interfere with calcium metabolism. higher animals, cadmium
accumulates in the kidneys and liver, where most loinds to a special protein that
makes the metal harmless to the animal. If thekepta greater than this natural
defense, cadmium can damage the kidneys and upebatism of vitamin D and
calcium. Kidney damage and a decalcification ofdkeleton are the serious chronic
effects of high cadmium exposure. Based on humaxicdlmgy, cadmium
concentrations of 100 to 200 pg/g (wet weight)He kidneys represent a risk for
mammals.

One of the threats to food quality and safety araviy metals in industrial
effluents and from sewage plants. Dietary intakbesdvy metals is a substantial risk
to the health of those who depend upon the usemfminated irrigation water to
grow crops to meet their food requirements. Heawtaicontamination also can
affect plant health and the nutritional value adps. The extent of contamination in
food crops is likely to increase with intensifieati of production systems,
urbanization and industrialization but levels obdocontamination are not regularly
monitored.

Cadmium is a byproduct in the production of zincd dead, and the
pyrometallurgical production of zinc is the mostpontant anthropogenic source to
the environment. Other major sources are fossill ft@mbustion and waste

incineration. Cadmium is used in a wide spectrunamflications, including alloys,
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pigments, metal coatings, batteries, and in thetmleics industry. It is also a

contaminant in chemical fertilizer, manure, composd sewage sludge.

2.7.2 Health effects of lead (Pb)

Lead in the environment is strongly adsorbed bynsedts and soil particles,
and is therefore largely unavailable to plants andnals. Many of the inorganic
salts of lead (lead oxides and sulphides) are eatlity soluble in water and are
sequestered in sediments. In aquatic systems, aiptakinfluenced by various
environmental factors such as temperature, salipiy, and presence of organic
matter. Lead accumulates in the liver, kidney, epland skeleton. Damage to the
nervous system and gastrointestinal symptoms arentin signs of lead poisoning.
Lead also interferes with the formation of red blalls, leading to anaemia. It is
especially toxic to the growing brain and can dffie@ behavioral development of
young children, even at low concentrations. Lead gass through the placenta and
thus affect a growing fetus. Organic lead compoum@sfat- soluble and are more
toxic than other forms.

In fish lead accumulates primarily in the qill, div kidney and bone. In
juvenile fish, lead causes a blackening of theftdlibwed by damage to the spine. It
also reduces larvae survival.

Leaded gasoline is the major source of increasedagmmental levels on a
global scale. Other anthropogenic sources inclusheng and metallurgic industries,
ammunition, and trash incineration.

Hough et al., (2004) in a study on risk assessment categotisedstudy
group in three; i) average person, ii) highly exgbperson and iii) highly exposed

infant population subgroups and determined thegatam of the hazard index (HI),
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a relative index that indicates the relative sdyearf risks. Hazard index was used to
identify population subgroups that potentially weat higher risk and could be

attributable to the different metals used in thedgtwhich did not vary among

population subgroups. The largest contribution kavels from Pb (about 40% of HI)

and Cd (about 30% of HI). Nickel and Cu provided tbwest contribution to HI at

about 10 and 14%, respectively. The proportionhef el attributable to different

exposure pathways varied between population supgrda all cases most HI was
attributable to dietary exposure (average persd, dighly exposed person 86%,
highly exposed infant 73% of the HI).

Metallothionein (Cd-MT) is considered the more mepbxic form of
cadmium for the reason that while the kidney cderéde accumulation of Cd-MT to
an extent, it is thought that once a thresholdbeen exceeded (approximately 200
pg/g), Cd may distribute to other cellular proteiasd compromise the function of
the renal tubules. Also, ticould be considered as a hepatotoxic form thatywes
considerable damage at the site of absorption,idganh lung inflammation and
cancer when inhaled, or enteropathy and nutriedalosarption syndromes when
ingested. Also, experimental poisoning by Cd haweerb shown to have
cardiovascular effects such as increased blood spres anaemia, and
cardiomyopathy as well as effects on the reprodecsiystem in both sexes and
skeletal effects. For most agricultural animalssitthe organ component of meat
which accumulates Cd to the greatest extent (abe2@0 ppm depending on the
amount of exposure) and presents the greatestchézdrumans; contamination of
muscle meats is a fraction of that in organ measudlly 1-50 ppb). Cadmium
exposure in laying poultry results in very littlansfer to the eggs. Human exposure

to Cd also result in bone deformities (osteoma)acesulting in pain upon walking,
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particularly in the joints, chronic renal diseasesulting in hypercalciuria,
proteinuria, and glycosuria (Casarett and Doud: fiIAl/ntH.htm).

The most relevant form of cadmium, from the poihtview of nutritional
exposure, is the form of cadmium that is boundh® protein metallothionein, a
family of proteins of low molecular weight (85004@D daltons), rich in cysteine
residues (25-33% cysteine), highly conserved aadsad spectrum of eukaryotic

organisms.

2.7.3 Cadmium uptake by crops and human dietary imjications

Smith (1993) assessed the implications of potehtimhan dietary intake of
cadmium from pH-related permissible soil-limit centrations for cadmium in
sewage sludge-treated agricultural soils estimétmn the proportional changes in
concentrations of cadmium in potatoes, oats andrags grown on two sludge-
amended soils at different pH values. Crop yietdsdased with increasing soil pH,
probably in response to decreasing uptake of zesal pH value was raised.
Generally cadmium concentrations in peeled potatwers, potato peelings, oats
straw and ryegrass decreased as simple lineandasadf increasing soil pH over the
range measured (pH 3.9- 7.6). Appropriate permssibncentrations of cadmium in
sludge-treated agricultural soil which protect khwenan food chain were determined

as 2.0 and 2.5 mg Cd kdor banded pH ranges of 5.0-5.5 and 5.5-6.0, sy .

2.8 Effects of heavy metal concentrations on biolagal activity of soil
Soil heavy metal concentration does not only inilte high crop metal
concentration but also affect enzymatic activitie$ soil microorganisms.

Dehydrogenase activity, for example, seems to bsermsitive indicator of soil
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pollution by heavy metals. Under this section &tere on effects of Cd and Pb

concentrations on biological activity of soil haaeh reviewed.

2.8.1 Activity of soil microorganisms
Smejkalovaet al., (2003) investigated the distribution of cadmiuead and

zinc in exchangeable, organic, and PINO; extractable fractions and the effect of
heavy metal concentrations on soil microflora. Teacentrations of Cd and Zn in
exchangeable fraction were higher than in orgalyitedund fraction, while a reverse
trend was found in Pb speciation. Different micablparameters were found as good
indicators of the level of soil contamination byakig metals. Increasing amounts of
heavy metals were found to inhibit enzymatic atitgi especially dehydrogenase

activity seemed to be a sensitive indicator of pollution by heavy metals.

2.8.2 Heavy metal phytotoxicity in soils

Naidu et al., (2003) presented an overview of knowledge on heaeyal
phytotoxicity to plants in Australian environmeiitom the overview, it became
evident that metal concentrations at which plartewsed phytotoxicity were
dependent on a number of factors that includedtgpé, plant type, soil properties
and the bioavailable metal concentrations. Differgnils may have the same total
metal concentrations but remarkably different dffea plant metal uptake and
potential for metal phytotoxicity. This suggestsittiiotal metal concentration may

not be appropriate and sensitive indicator for ptogicity.

2.8.3 Growth stage heavy metal tolerance by plants
Peraltaet al., (2004) investigated alfalfa plants grown in sdil different

growth stages using separate batches of Cr (VI)0&t mg/L, and Cd(ll), Cu(ll),
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Ni(ll), or Zn(ll) at 500mg/L. Four days after gemaition, all metals, except Zn (l1),
had lethal effects on the seedlings. When appléddys after germination, Cr(VI)
and Ni(ll) still had lethal effects on the seedingnd Cd(ll) and Cu(ll) destroyed
more than 50% of the plant population. While apprately 90% of the plants
exposed to Cd(Il), Cu(ll) and Zn(Il) were able tow without apparent negative
effects 20 days after germination, Cr(VI) and Ni@till showed lethal effects. These
results demonstrated that the tolerance of alfplénts to Cd, Cu and Zn was
positively correlated with the age of the planttwu3, alfalfa seedlings tolerated
Zn(Il) at 500 mg/l at the growth stage of 4 dayterfermination. Alfalfa plant could
be considered potentially feasible to be transplmh uncontaminated soils where
the concentrations of Cd, Cu or Zn are high enctaginterfere with alfalfa seed
germination.

Heavy metals are largely transported apoplasti¢alpglant tissue. To be able
to reach the xylem vessels of the roots, the métle to cross the endodermis and
the suberinized casparian strips. Consequentlyt aidee metal uptake is performed
by the younger parts of the roots where the caspastrips are not yet fully
developed (Hardimaet al., 1984; Marschner, 1995).

Translocation of metals to the shoot is performedhe xylem and this
translocation is promoted by transpiration of watea leaves. A young plant,
however, has a small ratio of shoot-to-root maskiarsuch plants the root pressure
determines the translocation of xylem sap to theoshTranslocation is also
promoted for some metal ions by cation exchangthetnegative charges of the

xylem vessel walls (Van de Geijn and Petit, 1979|tétbeek, 1987).
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2.8.4 Effect of evaporation/transpiration on metaluptake by plants

Plants absorb metals by either active mechanisimighay diffusion through
the cells of roots or by passive mechanism whidhnsugh the xylem initiated by a
transpiration pool. Kashem and Singh (2002) anchpet al., (1994) observed that
the uptake of Cd into plants (such as radish, aatswater spinach) is affected by
transpiration and positively correlated with massvf(Ingwersen and Streck, 2005).
The observed trend of relatively increased Cd uptakthe year with the higher
saturation deficit of the atmosphere suggeststtanspiration affects the uptake.

Evaporation takes place at the surface of theasmillowers the soil moisture
in the top layer. This affects the concentratiosafite dissolved in the soil solution
as well as its distribution in the soil. Ozturk abdkan (2004) carried out a study on
water evaporation and solute transport process&gde columns filled with sandy
clay loam (SCL) and clay loam (CL) soils. Differemater flow velocity through the
soil column was created by using 3 cm and 6 cmhdept ponded water at the soil
surface during leaching. After leaching, the switze left to evaporate for 10 days.
The study showed that when sufficient water hachbegplied for leaching, there
was a net downward movement of salt. As the sofbsa dried, the direction of salt
movement was reversed towards the soil surfacevalt also observed that the
magnitude of transport was mainly determined by gb#& texture. The electrical
conductivity (EC) at the soil surface after evapioraincreased, to 41- 46% of the
pre-drying level for the SCL and 28- 31% for the,Glggesting an accumulation of

solutes on the soil surface during evaporation.

2.9  Model for root solute uptake
A mathematical model usually describes a systemmiegans of variables.

Tsutsumiet al., (2003) developed a two-dimensional model that doeth root-
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system and water extraction by roots to simulage dinamic interaction between
root growth and soil-water flow, considering hydogism and gravitropism as the
controlling factors of root growth. In employing ethfinite-element method to
compute the soil-water flow caused by water extoactevaporation and irrigation,
they succeeded in simulating the plagiogravitragangations of lateral roots under
a plane condition and the asymmetric architectdreoot system under a sloped
condition. The developed model was found to bem@ky useful for investigating
how the various conditions of soil water affecttregstem development and soil-
water extraction. The model could simulate rootesysdevelopment and soil-water
extraction under moist or drought conditions whistan important information on
the efficiency of irrigation methods.

A widely used functional model approach for simimgtthe root solute
uptake assumes that solute uptake is linearly ptiopal to the product of soll
solution concentration and water uptake (Christeresed Tjell, 1984; Behrendi
al., 1995; Trapp, 2000; Schoups and Hopmans, 2002).

Wanget al., (2003) studied two methods of extraction of saavy metals;
single low-molecular-weight-organic-acids (LMWOAahd a sequential extraction
procedure recommended by the European CommunitgaBuof Reference (BCR).
Extracted soil solutions were further fractionatesl colloidal and truly dissolved
fractions. Comparing the correlation coefficientstvizeen extractable metals from
soil taken up by plant (maize) roots and shoots/éen the two extraction methods,
a good correlation was obtained under the LMWOAshoe In contrast, the
correlation coefficients were poor when the BCRhodtwas used. They concluded
by proposing that wet rhizosphere soil and LMWOAsused for bioavailability test

purpose for good correlation coefficients. Also\heaetals in soil solution can be
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partitioned between different colloidal fractionsdametals in dissolved fraction are
easily available to plants. Heavy metals adsorhyepldént root cell wall are taken up
by cross-membrane and become responsible for ala@ability.

Reginatoet al., (2000) in determining whether a moving boundaryeidghat
accounts for increasing root competition could iover predictions of nutrient
uptake developed a model that predicts nutrierkgoby coupling nutrient flux to
roots and nutrient absorption on a variable donmaitime. The model output was
compared with measured uptake of Mg, K, P, and 8doyus crops and soils using
experimental data obtained from literature. Predidilg, K, and P uptake by pine
seedlings was close to that observed for K andltRowgh for Mg the predicted
uptake showed deviations similar to those of thebBaCushman model. Sulphur
uptake by wheat in different soils was better prtdi by the moving boundary
model in at least 10 out of 18 measured cases. ribeéel prediction was also
compared with measured K uptake by three maizeithylgrown on Typic Hapludult
of Rio Cuarto, Argentina, in a growth chamber. Tim®ving boundary model
appeared to provide a better description of cogplietween transportation,
absorption of nutrient, and root growth than therb®@aCushman model, and it
improved the prediction for nutrient uptake in saiess.

Fyrillas and Kontoghiorghes (2004) used the bounadement method to
address the three-dimensional problem of advedtspersion associated with an
elliptical non-aqueous-phase liquid (NAPL) pool.eyhverified the numerical results
by asymptotic analytical solutions obtained in lingits of diffusion-dominated and
convection-dominated mass transport. They were tabtkerive a Fredholm integral
equation of the first kind for the concentratiomdjent that is de-singularized and

solved numerically using a collocation boundaryretet method which gave a
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satisfactory agreement between the numerical eesuitd the asymptotic results.
Comparison with experimental results suggests thatcorresponding numerical
results predict a higher overall mass transferfooent.

Keller et al., (2001) used an empirical stochastic balance model,
PROTERRA-S, that estimates heavy metal and phosph@ccumulation in
agricultural soils on regional level. The basictsirof the balances were land use
systems defined by livestock production and cul@dacrops. It was shown that
metal balances varied largely between the landsyseems (LUS) resulting from
differences in the agricultural farming systems &neir fertilization management.
The estimated cadmium and zinc balances of the Wgi® in good agreement with
reported metal balance studies on experimentaldaiinerefore they concluded that
stratification of heavy metal balances accordinggdcultural management systems
and linking the metal inputs through fertilizersttwithe P balances of the strata
seemed to be useful approaches to account for udtgrial characteristics in

modeling metal accumulation in soil.

2.9.1 Modelling the role of active biomass on hegwnetal transport
Nedunuri et al., (1998) investigating the influence of active bi@®an

immobilizing heavy metals in the soil rhizosphefegough mechanistic models,
modelled the movement of water in the soil usingh@rds equation. An advection-
dispersion equation, with a sink term for metalalgt by biomass was used for
modelling the fate and transport of lead. A hyptda one-dimensional vertical soil
column containing metal biomass and carbon sulestvas used for analyzing lead
movement. The extent of immobilization of lead il svas found to be dependent

on the growth of biomass, which in turn dependethemavailability of root exudates
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in the rhizosphere. The investigation showed thigbgption processes retard heavy
metal transport in unsaturated soils. Soluble doyacids present in the rhizosphere
also serve as good sources of substrates for tvetlgiof microorganisms but their
availability at deeper locations in soils is diethtby processes of advection and
diffusion. It was found that the partition coeféait of biomass to the soil depended
on the soil characteristics and the type of thenaiss. For examlpe, clay yielded
higher partition coefficients for the biomass comgghto silty loam soils. Also the
factors that enhance biomass growth and adsorgtidniomass to soil generally

contributed positively to metal immobilization aretardation.

2.9.2 Prediction of uptake of metal from solutiorby lettuce

Cheng and Allen (2001) studied the effects of ftepper ion activity and
total copper concentration on copper uptake bydettfrom nutrient solution and
developed a model to substantiate the studies.alt feund that in EDTA and
dissolved organic matter treatments, when pH aee fopper ion activity were the
same, root copper concentration did not change thghtotal copper concentration.
However, at fixed pH and total copper concentratimot copper concentration
increased with, and was log-log linearly relatedra® copper ion activity. Copper
uptake by plant roots was affected by free copmer activity, pH, and the
concentration of other competing ions such a&"Carhe study revealed that the
mass of solution transpired by the plant, the casitjpm of the growth medium, and
copper speciation in solution were the factors thi¢cted copper uptake from
nutrient solution. Copper concentration in plardtrand shoot reached a stable level
after the plant had transpired a certain amousbbftion. Copper uptake was found

to be linearly related to free copper ion actiatyd was independent of total copper
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concentration in solution. The developed model ata: that free copper ion
partitioning between plant root and solution wasedirly related to proton and
calcium concentrations in the solution and independf the different types of

soluble ligands present.

2.9.3 Modelling nutrient uptake by plants

Modelling nutrient uptake by plants helps to prédicestimate the amount of
nutrient that may be required by a crop to be déistaxd under similar conditions and
on soil of similar properties for planning purpasé&se modelling could be done
using different approaches such as computer saffwarathematical equation
developed from a generated data from field work mredhanistic model developed
using mathematical principles. For example Barli®84) used personal computer
version of Barber-Cushman model, a mechanisticienituptake model, to predict
magnesium, phosphorus and potassium uptake bylliobioe seedlings. The input
parameters included initial soil solution concettra of ions [G] pmol/L that
equilibrate with ions in solution [ pmol/L, water content at field capacity,
volumetric water content], the effective diffusion coefficient in water; Bnd the
impedance factor which accounts for the tortuositthe diffusion path,;f Diffusion
was found to be the primary mechanism deliveringieunt ions to the root surface, a
factor that is controlled by concentration gradient

Alloway et al., (1990) used an empirical model to predict Cd uptakd
accumulation by vegetables (cabbage, lettuce aadisi® from soil contaminated
with Cd. The prediction was done using eighteersjgoychemical parameters. Also
Browneet al., (1984) in Allowayet al., (1990) developed a model based upon soil

parameters to predict Cd uptake by a number ofispesing model equation:
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Log P =0 + BlogCcbrra
Where:

P — plant Cd concentration, (1g/g)

Cdorpa — extractable Cd, (1g/g)

0 andp — linear regression coefficientg £ a function of soil pH and CEC
ando - a function of the plant species).
Hutton (1980) proposed a model to describe thestearof Cd from soils to plants

using the equation:

_ (BX9)
¥ (p+ Qo)

Where:
 — water flow associated with plant production, m/s
S — plant selectivity coefficient
Q — soil adsorption coefficient
¢— soil bulk density, kg /M
o — soil moisture content, fim®
Psp — soil- plant transfer coefficient, mMs
Christensen and Tjell (1984) presented a concephgalel to determine Cd
uptake from sewage sludge amended soils. The madétled plant Cd
concentration into three fractions based upon tlseurce: topsoil, subsoil and
atmosphere. Plant uptake from the topsoil was destiby the equation:
B=P.1G=P.T% (S K)
Where:
b — root uptake from topsoil

P — plant factor (constant for a specific plant)
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T — transpired amount of water
C — solute Cd concentration
S — soil Cd concentration
K Cd distribution coefficient.
Plant uptake from subsoil was described by the temua

S,
C=PT,
Kd

where:
C - root uptake of Cd from the subsoil
S, — index for subsoil.
Caasen and Barber (1976), using equation from Ngearriott (1969)
described the flux of nutrients to the root by miéss and diffusion:

% = }i(rD
ot ror or

ac. + vé,c )
b

where:
r — radial distance from the root axis
f, — root radius
G — ion concentration in soil solution
Vp — inward flux of water at the root surface
D — differential diffusion coefficient in the $oi
b — differential buffer power

t — time of uptake (age of the root segment)

Initial conditions describing the condition befdl@x occurred were

t=0;r>p G=C; where G- initial ion concentration in soil solution.
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2.9.4 Simple mathematical consideration under stegdstate conditions
lons reach the surface of roots by mass (or coreectr bulk) flow in the
stream of water that finally enters the root, agdilifusion of particular ions in the
direction of decreasing concentration in the saliison.
The transfer of ions carried by convective flowtlod water is given by
Is=qucC 1)
WhereT is the flux density of the solute,, ds the flux density of water (in
the horizontal direction) and c is the concentratbthe ions concerned.
The flux density of the ion transferred by ionidfasion in a solution is given by
Fick's law:
0s = Do (dc/dx) (2)
where qis the quantity of the diffusing substance peretimansferred in unit cross-
sectional area normal to the horizontal (x) dik@ttic is the concentration (quantity
of the ion in unit volume of the solution) and B the diffusion coefficient in bulk
water.
Diffusion of ions through soil is restricted to theaction 6 of the cross-
sectional area that is water-filled and it hasoltofv a tortuous path.
In that case the flux across unit cross-sectiahefsoil is then represented by
X = -D, (dc/dx) 3)
where 3 = D, and b is a tortuosity factor which probably vanath 6. (D, varies
between 2x1%? and 5.6x108° m?s™)
When both diffusion and convective flow contribute the ionic transfer
equations (1) and (3) are combined to give

J = -Dy(dc/dx) - qC (4)
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The second term on the right hand side of equdddmiominates when the
plant is transpiring actively.
Assuming with irrigation, water is not limiting,eéh/olume of water extracted
per volume of soil due to transpiration,(Ts
Tp =/’ Cadt (5)
Assuming negligible diffusion, then the combinedi@flow in transpiration
stream is given by equation (5) wherdsgthe flow equal to the convective flow and

C is the concentration of solute.
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CHAPTER THREE

3.0 MATERIALS AND METHODS
The study comprised two phases, field and laboya®periments. The first phase, a
field experiment, was to study the behaviour of &l Pb in soil under irrigation
water of different concentrations. This was to dsie the proportion of these
elements available for plant uptake. Emphasis aiasdn Cd release at different soil
moisture contents.
The second phase involved field studies on Cd dnd@®ake from irrigation

water using cabbage, carrots and lettuce as tegs.cihe details of the experiments

are described in the following sections.

3.1 Laboratory experiments
3.1.1 The temporal variation in the concentration birrigation water Cd and

Pb in soll

Sandy loam soil samples (classified Nts. series by local classification or
Stagnic Cambisol (Dystric) in the WRB (2006) or yystrustept in the USDA
system (2003)) were collected from an experimeptat established on KNUST
campus, Kumasi, Ghana. The samples were air-doie@ fays. Twenty litres (20 L)
of pre-determined Cd (0.1 and 0.5 mg)land Pb (5 mg 1) solution concentrations
prepared from Cd(NE), and Pb(NQ). salts were added to 20 g of air-dried
composite soil in 50 ml centrifuge tubes. The dilleentrifuge tubes were shaken on
a LTE Scientific shaker for 8 h. Samples were obild from the shaker at an hourly

interval, centrifuged and filtered through filteaper No 45. The filtrates were
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analysed for Cd and Pb concentrations using Bud&n8fic Atomic Absorption

Spectrophotometer (Model 210 VGP).

3.1.2 Moisture: soil ratio effect on Cadmium releas in soil

The work described in this section was carriedatihe Centre for the Study
of Metals in the Environment (CSME), Department @il and Environmental
Engineering, University of Delaware in the USA.

The study was carried out on 4 soil samples ca@atom the upper 0-20 cm
layer in different geographic and climatic zoneSQA) North America; UK, Europe;
and Ghana, Africa). The soil samples were air-dded sieved to pass through a 2-
mm screen.

Appropriate volumes of a 2.5 g'lor a 25 g [* stock solution of Cd(Ng).
were added to 60-g soil samples placed in 200 astigl bottles to obtain Cd loading
of 0, 5, 10, 20, 50, 100, 200, 400, and 800 mg &gjl, in duplicate. The samples
were mixed with a spatula for 2 min and incubateddne day. Then, the samples
were moistened with deionized water of 0, 4000,0880d 12000 g/kg and incubated
at 20+ 1 °C for eight days. After incubation, soil solutiomsre separated by

centrifugation and analysed.

3.1.3 Effect of variable soil: extractant ratios onCd concentration in soil
solutions
The effect of moisture content on Cd concentraiiorsoil solutions was
studied on four soils, Typic Dystrochrep, Avery IHIRH) Farm, England Typic
Hapludult, North Carolina (NC), USA, Typic HaplutduNew Jersey (NJ), USA and
Typic Dystrustept, Kumasi (GK), Ghana. Soil sampigere spiked with the

Cd(NOs), stock solution up to 400 mg Cd kgmixed with a spatula for 2 min,
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incubated in closed plastic bottles for one dayl aim-dried. Then, sub-samples of
the spiked soils were placed in 200-mL plastic Ibsttand in 50-mL plastic
centrifuge tubes. The 0.04 CaC} was added to the samples to attain moisture
content corresponding to 1.2 FMC (in the bottle®) o obtain soil: solution ratios
1:1, 1:5, and 1:10 (in the centrifuge tubes). Thtlés and the centrifuge tubes were
placed on an orbital shaker and shaken at 20°C for 8 days before the solutions
were separated using the centrifugation double bleanequipment described in

section 3.2.2 and analysed.

3.1.4 Separation and analyses of soil solutions

Soil solutions were separated from the sampleg aftaubation using the
centrifugation ‘double chamber method. The designthe ‘double chamber’
(Merckx et al., 2001) was similar to the one suggested by DaamesDavies (1963)
but the inner chamber was made of a cut 50-mL desiple syringe with a piece of
quartz wool placed on the bottom. The solutionsewidtered through a 0.45 pm
nitrocellulose membrane filter and analysed to mheitge dissolved organic carbon
(DOC), Cd, Ca, Mg, and Na concentrations, and pkke DOC concentration was
determined with a Tekmar-Dohrmann Apollo 9000 TQ@gser and Cd, Mg, Ca,
and Na were analysed with an Agilent 7500c Indu€amiple Plasma —Mass
Spectrometer (ICP-MS). Cadmium distribution coedint (K) was calculated as the

ratio between sorbed Cd content and concentrafidissolved Cd.

3.1.5 Modelling of Cd partitioning in soil solutiors using WHAM VI
The partitioning of Cd in soil solution was moddlleith the Windermere
Humic Aqueous Model VI (WHAM VI) using the assumgts suggested for

modelling speciation of Cu and Ni in aquatic systgirofts and Tipping, 1998) and
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in soils (Vulkan et al., 2000; Nolanet al., 2003; Ponizovskyet al., 2006).
Windermere Humic Aqueous Model VI is a discrete-sihodel considering
equilibrium interaction of dissolved metal catioasd protons with solid and
colloidal soil components. Windermere Humic Aqueddsdel VI model for
prediction uses two approaches, the solution aralevéoil. The type of approach to
use depends on the set of input parameters awailalil was assumed that soil
organic matter (SOM) is the main soil componentosw Cd. As suggested by
Tipping et al., (2003), 69% of SOM was taken to be “active” inpdmm of the
metal. This amount of “active” organic matter waswamed to be composed of 84%
humic acid (HA) and 16% fulvic acid (FA). Dissolvedganic matter was assumed
to contain 69% "active” FA in conformity with Tippg et al., (2003). The input
variables also included pH, as well as dissolved Mg, Na, Cl, and SQ*
concentrations. The ratio between &id SG* was taken to be 3:1 (moles of charge
: moles of charge) and total charge of these aniaas equal to the charge of the
cations as recommended by Tipping (1998) and Vubktaal., (2000) to maintain
electroneutrality of the soil system. Iron {Becompetes with Cd for binding sites
of the solid phases. So, ¥eactivity was also used as an input variable. Iswa
calculated by assuming that soil solutions weredquilibrium with Fe(OH) and that
equilibrium constant for the reaction is given velo

Fe™* +3 HO « Fe(OH} + 3 H'

for which pKee(on), is 3.0 (Tippinget al., 2003; Ponizovskyt al., 2006).
3.2  Field experiments
3.2.1 Cadmium and Pb uptake by vegetables from irrigationwater

Experimental mini plots of 1.8 m 1.8 m were set up on Typic Dystrustept

(USDA 2003) or Stagnic Cambisol (Dystric) (FAO-WRR006) at KNUST
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agricultural experimental field from May to Septeenb2005. The soil is moderately
well drained, developed over granites and drifteriats. The textures vary from
sandy loam to sandy clay loam. Average daytime &atpre during the period of
the experiment at the experimental site was ab2®€ &nd relative humidity in the
day was around 40-60 % although the period wascasggpto be the major rainy
season. Land preparation was by hand clearingywiell by burning and stumping
using cutlass and mattock. This was followed bypteparation of beds with the hoe
and leveling with rake and manually-operated woogéank. The experimental
design used was factorial experiment arranged indBaised Complete Block
Design (RCBD (Figs. 3.1a and 3.1b). The factorigdeziment was used because it
allows the imposition of some treatments on existines later. Also, it gives more
information about one factor than on the other famtors being considered can be
put into strips which give a higher degree of @i to the interacting factors.
Cabbage, carrots and lettuce seeds were purchased the Grains
Development Board of the Ministry of Food and Agfttare (MOFA), Ghana.
Cabbage and lettuce seeds were nursed in woodess latrout 1fMsize, each filled
with sterilized black soil provided by the Departrhef Horticulture and kept in the
greenhouse of the Department of Horticulture, Rgoofl Agriculture, KNUST. The
vegetables were watered with water from the mapgplsuby Ghana Water Company
Limited. Three weeks after sowing, cabbage seesllimgre pricked on to the field
for another three weeks before transplanting thenthe moistened beds. Lettuce
seedlings were transplanted three weeks after emeeg Treatment with Cd and Pb
solutions started on the same day of transplam#tdpage and lettuce. Carrot seeds
were sown directly into the moistened beds to agrane depth of about 2 cm in
lines on the beds and covered with palm branchesdace evaporation and thereby

conserve moisture. The beds were irrigated eacér athy with 5L of pipe-borne

54



water per bed. The palm branches were removed tweksv after emergence
followed by the initiation of the Cd and Pb solutiveatments.

Cabbage, carrots and lettuce were planted on ltite m three replicates.
Cadmium solutions of 0, 0.05 and, 0.1 m§ knd Pb solutions of 0, 30 and 50 mg
L™ were prepared and used to irrigate the crops. @edriLO and 20 mg) and lead
(6 and 10 g) nitrate salts were added to 200 L aapaontainers and filled to the

200 L mark with water from the main pipe supply astiired to obtain the

predetermined Cd and Pb solution concentrations.

Plate 3.2: Pictures showing soil sampling from a lgeand root structure of cabbage
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The crops were irrigated each day using 11 literspiot on each occasion. A
plastic watering can was used to avoid introductibadditional metal that would
have been the case if a galvanized watering caméead used.

Weeding was by hoe and cutlass. There was noiZattdn of any form and
dithane was used to spray the cabbage againsnpestation on one occasion before

the formation of the heads.

3.2.2 Determination of transpiration

Transpiration of samples of the test crops was oredsby the phytometer or
gravimetric method by potting the crops in polyshlbsd with surface soil with the
surface of soil in the plastic pots covered withstic sheet to prevent evaporation
and kept at the edge or border of the experimeiedd (Plate 3.1). Water loss
through transpiration was determined by weighing pot at predetermined time

intervals.

Table 3.1: Average measured transpiration rates ofabbage, carrots and lettuce

on controlled plots during the growingperiod
CROP Average Transpiration rates (kg/nf)
CABBAGE 4.94
CARROTS 3.69
LETTUCE 11.59

Average measured transpiration rates of the tegiscicabbage, carrots and lettuce,
are presented in Table 3.1. The values were highrapared to Cd and Pb treated

crops.
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Table 3.2: Determined transpiration rates of Cadmiun and Lead treated
cabbage, carrots and lettuce

CROP TREATMENT Transpiration rates (kghm
CADMIUM
Cabbages 2.18
Cabbage 1.93
Carrotgos 9.89
Carrotg, 6.89
Lettucgos 10.35
Lettuce: 9.67
LEAD
Cabbaggy 2.14
Cabbagsy 1.34
Carrots 2.36
Carrotg 2.78
Lettucg 10.30
Lettucg 6.76

In Table 3.2 are the results of determined traasipin rates of Cd and Pb treated
cabbage, carrots and lettuce. The values were foorgecrease with increase of

irrigation water metal concentration.
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FACTORIAL EXPERIMENT

IRRIGATION CROPS
REPLICATION
WATER mg/L) CABBAGE CARROTS TEUCE
0 (Control) CdCh CdCp CdLT,
0.05 CdChy o5 CdCr 05 CdLTg 05
01 CdChy, CdCh, CdLTo,
CROPS
CARROTS LETTUCE CABBAGE
0 CdCr CdLT, CdCh,
I
CdcrO.OS Cd LT0.05 Cdcb)os
0.05
CdCi s CdLTos CdChy,
0.1
CROPS
LETTUCE CABBAGE CARROTS
A CdLT, CdCh CdCr
1]
0.05 CdLTo0s CdChy s CdCh o5
0.1 CdLTo1 CdCh, CdCrp,

Fig. 3.1a: Experimental design of cadmium (Cd) treted plots
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IRRIGATION CROPS
REPLICATION
WATER (mg/L) LETTUCE CARROTS CABBAGE
0 PbLT, PbCp PbCh
PbLTs PbCr PbChy
30
PbLTs, PbCkq PbClyo
50
CROPS
CARROTS CABBAGE LETTUCE
0 PhCp PbCh PbLT,
1
CROPS
CABBAGE LETTUCE CARROTS
0 PbCh PbLT, PbCg
1l
50 PbClyo PbLTs, PbLTs,

Fig. 3.1b: Experimental design of lead (Pb) treateglots

3.2.3 Sample collection

Samples of irrigation water were collected every tweeks from their
storage tanks for analysis of Cd and Pb contenl€Ta.1). This was to determine
the actual concentrations in irrigation water agbliinstead of the formulated

nominal concentrations.
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Table 3.1: Cd and Pb concentrations of irrigation vater prepared and used

IW [Cd solution (mg/L)] Av. concentration (mg/L)  Std. deviation

0.05 0.045 0.002
0.1 0.098 0.045
IW [Pb solution (mg/L)]

30 31.3 5.38
50 49.44 1.75
TANK (0 mg/L)

Cd content 0.0067 0.003
Pb content 13.36 3.8
TAP (mains supply)

Cd content Below detection limit nil
Pb content 1.36 0.13

Plant and soil samples were collected at threeesmdifft stages during the
plants’ growth that was divided almost into threpia segments. Lettuce samples
were collected after 20, 40 and 55 days after plamsing (DAT) while cabbage and
carrot samples were collected at 40, 70 and 106 dtgr sowing (DAS). The plant
samples were washed thoroughly with distilled wafEney were chopped into
approximately 2 cm pieces on a kitchen choppingdedich had been washed and
rinsed with distilled water. The pieces were then-dried for about 6 h before oven-
drying at 80 °C for about 20 h. The dried samplesaamilled to<1 mm.

Soils samples were collected from 0 to 20 cm depthg a core sampler and
a cone of 9.5 cm diameter and 5 cm height. This dase four times for each
location and the soil in the cone was trimmed witkhnife at the base. The samples
were air dried for 6 — 8 days, depending on thestooé content at the time of
sampling by spreading them on polyethylene she&@sch sample was thoroughly
mixed and passed through a 2 mm sieve before pexckaampling of soil and

plants were done on the same day.
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3.3  Analysisof samples
3.3.1 Determination of Cd and Pb concentrations itest crops

The plant samples were digested using EPA Meth&@ 30SEPA, 1996) to
determine the Cd and Pb concentrations of thectegis. Nine mmilliliters of HN@
and 2 ml of HCI were added to 0.25 g of plant sampla Teflon tube. The content
of the Teflon tube was weighed and assembled iot@r (tightened with a torque
wrench) and placed in a MRS-200 microwave dige§tke microwave, which had
been temperature programmed, was then switched@tm samples were left in the
microwave after digestion until the temperaturerdased to about 3%C. Teflon
heads were unscrewed and removed from the rotech Eeflon tube was reweighed
to check for any loss of the content of the tublee Tigested sample in a solution
form was poured into a 15-ml centrifuge tube. Onidiliters of the digest was
diluted in a ratio of 1:4 using deionized waterairi5-ml centrifuge tube before Cd
and Pb analysis with an Agilent 7500 ICP-MS. A dtad reference material 1573a
of tomato leaves certified by National InstituteSiandards and Technology (NIST)

was also digested and analyzed for Cd as a q@edgiyrance control.

Plate 3.3: Picture showing the exterior and inteor parts of MRS-200
microwave digester
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Data generated were analyzed statistically usirey $atistical Analysis
Software (SAS) package to establish the signifieaot relationships between the

various parameters considered (Appendix 2).

3.3.2 Determination of Cd and Pb in soil samples

The soil samples were analyzed for available atad €©d and Pb. The model
WHAM VI (Tipping et al., 2003) was used to predict the free ion activityhe soil
samples by the whole soil approach using solutissadived organic carbon (DOC),
pH, total Cd and Pb, soil organic matter (SOM)sdiged metals (Na, Ca and Mg)
and NQ as input data (Ponizovskgt al., 2006). Eighty-four percent of the SOM
determined by loss-on- ignition (LOI) was assumedhé humic acid (HA) and the
remaining 16% as fulvic acid (FA) (Tipping al., 2003). The DOC value was
determined using a TEKMAR DOHRMANN Apollo 9000 TCtalyzer. The TOC
was multiplied by 2 and 65% of this value was cdesed to be colloidal FA for the

input data (Tippinggt al., 2003).

Plate 3.4a: Picture showing assembled Agilent 7500P-MS
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Plate 3.4b: Picture showing side for analysis witlgilent 7500 ICP-MS.

A solution of 0.0IM CaC} was used for the extraction of available Cd and
Pb. Twenty grams of Caghbkolution was added to 2 g of soil sample in a 50-m
centrifuge tube and placed on a shaker for 24 hdurs tube was then centrifuged
using a Beckman J2 MC for 10 minutes at 4000 rphe Jupernatant was filtered
into a 15 ml centrifuge tube using 0.45 um membrdtex. The extracted solution
was analyzed for Cd and Pb using the Agilent ICP-MS

The EPA 3051 microwave digestion method was usesktact Cd and Pb
for determination of total Cd and Pb. Ten milliideof concentrated HNOwas
added to 0.5 g of a soil sample in a Teflon tube tye same procedure as for plant
microwave digestion was followed. One milliliter thfe digested solution was placed
in a 15-ml centrifuge tube and diluted with 4 midafionized water for analysis with

the Agilent ICP-MS.
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3.4 MODELLING

An empirical model was used in modelling the uptakeCd and Pb. An
empirical model is essentially a description ofefational data. It is used to fit an
equation or a set of equations to data. For exanephpirical models of root uptake
seek to relate bulk soil parameters to plant patarsdy ignoring any contribution

from other sources.

3.4.1 Model equation of Cd and Pb uptake based oranspiration

Ingwersen and Streck (2005) developed a mathenrhaticdel for plant metal
uptake of sugar beet, potato and winter wheat gromvwastewater irrigation area of
Braunschweig, Germany. The SEFAH programme for ntiadethe environmental
fate of heavy metals was used. The uptake of hestals by plants was modelled
using a transpiration-based approach by mass-fload dry matter production

represented by equation (1):

1+
c,=n Ae Qy
pwkp 1+QyQHM

[exp(@nz) ~1]> " exp(-ainz)C, 1)

Where:

C, -plant metal concentration (mg Ky

n— transpiration stream concentration factor

Ae—average saturation vapour deficit of the atmasphe

pw —density of water (kg 1)

ko— crop specific constant

Qnv—metal ratio

Q—dry matter yield ratio between processed (ediafe) unprocessed (non-
edible) plant parts

o— distribution of root length density with depth
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Az- change in soil depth

C — solution phase metal concentration (m).L

Equation (2) is a modified form of equation (1) tbe processing (edible)
parts of the test vegetables (cabbage, carrotéetinde). The modification was done
by considering stabilised irrigation water Cd ar@d®ncentrations in place of soil
solution phase metal concentration. The plant aildactors of root length, density
and depth, soil depth, the rooting system, cropatharistics influencing metal ion
uptake in addition to climatic factors in the ongl equation were represented by a
constant factor K. The modified equation is repnése by:

C, :nETC 2
Y
Where:
Cp,— heavy metal content of plant parts (mg'kg

n — empirical transpiration stream concentrationdgc

Y-dry matter content/ unit area of production af (kg m?),

T — cumulative transpiration (L ),

C — available metal concentration in soil solut{stabilised irrigation water,

mg L)

Equation (2) is an empirical one formulated on phaciples of dimensional
analysis. The original equation presented by Ingeserand Streck (2005) had root
density, rooting depth and other factors. It is enswitable for the uptake through the
root system but the present model assumes thatugiteke is controlled by
transpiration stream through the xylem into thevésaand other edible parts. It is
also assumed that these metals have an elemenbadchmulation in the edible
parts. This is true because studies have showmthtdl concentrations are usually

higher in the edible parts of vegetables.
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As a first step, crop specific constant, (R,) is defined by the equation (3):

Where:
Ae — average saturation vapour deficit of air fagetation period (8,
T- average measured transpiration of crop growtmi.

The calculated Kvalue for the controlled sample is then used toutate K,

of the Cd and Pb treated samples.

(1993)

Crop Ae values are calculated using equation (4) as piesdy Maidment

Ae; = 6.108(100 — riexp( o'l ) (4)
.= 0. — rHexp(——M—
4 NP 377 +T,

Where:
rH;ji- relative humidity of air

Tji — air temperature.

The Ae values of the three crops are given below frompudation using equation

(4).

Aaettuce = 693 899
Aecabbage:71933
AeC(’:lI”I’OtS :71933

The transpiration (T) values of other treatments ealculated using the

calculated or determinedpKalues of various treatments using equation ($vbe

derived from equation (3):

T=Ae—1- (5)

=]
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The next step is to calculate the transpiratioreastr factor,n using
calculated/determined transpiration values forauasitreatments. The transpiration

stream factom), was determined using the equation,

Q
C K
U:C—WZ—Q = )
wo —=—+KM

Where:

C,- metal concentration in the xylem (mdL

Cw- metal concentration in soil water (mg)L

Q- transpiration stream (L)

K- equilibrium between concentrations in roof)(@nd water ()

M- plant mass (kg)

K- 1% order growth rate (8

Average values off for various treatments of the crops are then detexd
by adding the calculated values of a treatmentafiothe replications of a particular
crop and dividing the sum by the number of repicras.

“Available” metal concentration in soil solution, @as replaced with IWk
where IW is irrigation water concentration and kaisconstant of proportionality
between irrigation water concentration and soilugoh concentration by the
equation (6):

IW = kC (6)

The values of k differ for different treatmentsdifferent crops.

The model parameters were determined using theeabguations (2) to (5).
Dry matter yield for each crop was determined bst fivashing the crop components,
sun-drying, oven-drying at 8C for 24h weighing. This was determined for each

replicate of crop. Soil solution concentration {€)equation (2) was determined by
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dividing irrigation water concentration by a comgtgk) which is crop dependent.
Using equation (4) the average saturation vapoficitéAe) of air for each crop was
determined by substituting average temperaturerelative humidity collected from
the Mechanical Engineering Department, KNUST weath&tion. The value
obtained for Ae for each crop was substituted in equation (6)d&termine
transpiration rate. The average values of transpirsstream factorr() for various
treatments of the crops for all the replicationsdarop were then determined using

equation (5).

3.4.2 Assumptions for model development
The following assumptions were made for the develemt of the model used
to predict crop metal uptake by the test vegetables

i)  Soil moisture was not limited to ensure continuoptake through transpiration.
ii) The driving force for the uptake was atmospheriapevativity, E; that is, the
pertinent atmospheric factors that control evapamnatvas not limiting.
iii) Direct leaf absorption and diffusion from the atiplosre were not considered.
iv) Initial soil metal concentration was negligible atft metal uptake was from
irrigation water.
v) Soil solution available Cd and Pb to the crop f@take was equal to the
stabilised irrigation water metal concentration lagzp
Root mean square error (RMSE) was used for seitgitinalysis of free ion
activity of soil solution predicted using WHAM VAnalysis of variance (ANOVA)
was used to establish the significance of the factelated to Cd and Pb
concentrations in crops. To throw more light on tékability of the predicted model
values of vegetable Cd and Pb concentrations wargared to the measured values

using the model efficiency.
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Cd or Poin soil solution (/L)

CHAPTER FOUR
4.0 RESULTS AND DISCUSSION
In this chapter the data of the various aspectthefstudy, both field and
laboratory, have been analysed and the resultasied and presented.
4.1  The temporal variation in the concentration ofirrigation water Cd and
Pb in soll
The temporal variations in the concentration afjation water Cd and Pb in

soil are presented in Fig. 4.1 below:

—a— Cadmium A
—e— Cadmium B

—A&— Lead

Time (h)

Fig. 4.1: Variation of soil solution Cd and Pb conentrations with time

Cadmium concentration under 0.1 m{ étabilized after 1h at a value of 0.01
while Cd concentration under 0.5 mg ktabilized within 1h at a value of 0.05. The
partition coefficients (i of 0.1 and 0.5 mg L concentrations were 4 and 11.5

respectively.
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The solution Cd concentration of 0.1 mg Ireduced to 0.01 mg}, a
percentage reduction of 90% of the initial solutioncentration. The 0.5 mg™L
cadmium concentration reduced to 0.04 rifat the equilibrium or stability point,
a percentage reduction of 92%. The equilibrium paouas indicated where the
concentration of the heavy metal started to becam®st constant with time. The
time required to reach stability depends on sapprties. Higher soil organic matter
content increases the time needed for a reactiaredoh equilibrium (Yinet al.,
2002). Yinet al., (2002) showed that an influent concentration ofi@ L™ had 257
ug g* adsorbed at equilibrium for Freehold Sandy Loarthwiganic matter content
of 1.2 g kg', Sassafras sandy loam with

Table 4.1: Selected properties of the soils for sption study

Location of the . . Soil organic Fe',

sampling site Soil type Soil ID Texture pH matter’(%)  (mg k)
Ghana, Kumasi, Typic Dystrustept 378
KNUST? GK sandy loam 6.1 1.45
U.S.A,, New Jersey Typic Hapludult NJ sandy loam 4 5. 1.90 23700
U.S.A., North Carolina TSgicilgpludulf NC silty clay 4.8 151 20550
England_, Typic Dystrochrept AH sandy clay 6.1 182 25700
Avery Hill Farm loam

& H,0, 1:1;
b Walkley-Black method;
¢ Mehlich 1 method.

4 KNUST is the Kwame Nkrumah University of Sciencwl @ echnology, Kumasi,
Ghana; the soil sample was taken at the Researcim B& Department of
Horticulture, KNUST.

organic matter content of 3.5 g kdiad 1216ug g adsorbed at equilibrium and
Dunellen sandy loam having organic matter contéritlo0 g kg' had 3610ug g*
adsorbed from 8 mg 't mercury solution. The organic matter content oé th
experimental soil was 1.16%, which was comparativelv. Also at low metal
concentrations the principal factor affecting gamiing process is the proton

concentration while at higher concentration sorptomould be related to specific
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surface areas of soil particles (Schulte and Bek3@4). While that of 0.1 mgt.Cd
solution may have been due to proton concentratitine solution, that of 0.5 mg'L
Cd solution may have been as a result of speaifi@se areas of the soil particles.

Partition coefficient (K) of Pb varied with time. The Kvalues ranged
between 0 and 6.94 between the time 0 to 6 howaisleT4.2 describes the partition
coefficient values of Pb (partitioning between soill water) of samples collected at
different time intervals. The most important factamtrolling the partitioning of a
metal to soil is the solution pH (Sposito, 1984ha%e pH 6, the relative adsorption
of Pb is nearly 100% while below this pH level @dsorption decreases quickly.
Also at pH values above 6, Pb is either adsorbedctlay surfaces or forms Pb
carbonate. With pH value of 6.10 of experimental, b concentration in irrigation
water was adsorbed faster and this explains theddsiction of Pb concentration in
irrigation water, adsorbed on clay surfaces.

Table 4.2: Partition coefficient values of Cd and B with time

Time (h) Partition Coefficient Values (Kg)
0.1 Cd mg/L conc.| 0.5 Cd mg/L conc. 5.0 Pb mg/Lacon

0 0 0 0

1 4.0 9.57 0.85
2 4.9 10.01 1.63
3 2.6 10.79 3.07
4 6.9 9.87 4.21
5 12.9 13.71 3.29
6 7.3 13.29 6.94

The soil pH value was 6.10 and the soil organic mat 1.16%.

4.1.1 Cadmium release in soil solutions

The cadmium release isotherms for three temperateone tropical soils are
presented in Fig 4.2a while their partition coeéfids in relation to sorbed cadmium
content are illustrated in Fig. 4.2b. The strongestption was observed in
Dystrochrept soil at Avery Hill farm (AH) (sandyasl loam), in England (Fig.4.2a),

having the highest pH, soil organic matter, and icontents. However, difference in

71



sorption can be related to sorption by clay. Typystrustept soil (sandy loam) from
Kumasi, Ghana (GK) was the weakest sorbed meanigigeh uptake of Cd by
vegetables irrigated with contaminated water algfiothe pH was one of the highest.
This could have been as a result of the lowest nicgaatter and iron
contents of the soil (Table 4.1). Cadmium releas¢herms of typic Hapludult soils
of New Jersey (NJ) and North Carolina (NC) showhdt tiron content had a
significant influence on Cd adsorption of soilstbé same type with soil of higher
iron content having the higher adsorption Fig. XPae partition distribution

coefficient decreased with the increase in metadilog in NC, NJ, and GK soils
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Fig. 4.2a: Cadmium release isotherms

(Fig. 4.2a).The AH soil isotherm was the highedhwhat of GK being the

least amongst the experimental soils.
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Fig. 4.2b: Cd partition coefficient as function ofthe sorbed Cd content
In AH soil with the lowest Cd concentration in teelution phase Kvalues
were larger than in NC, NJ, and GK soils. Howetlee, general trend for J&in AH

soil was similar to that observed in the otherssfiit Cd loadings below 400 mgkg

4.1.2 Variation of dissolved Cd concentration with moisture:soil ratio:

measured and WHAM VI predicted values

The influence of water content on dissolved Cd eotr@tion as measured
and predicted using WHAM VI model for AH soil and Noil is shown in Figs 4.3a
and 4.3b, respectively. The increase in moistuileratio resulted in an exponential
decrease in Cd concentration in the solutions (Fd&a and 4.3b). For AH soil (Fig.
4.3a) as an example, the magnitude of the decr#aSd concentration was almost 1
mg L™ for 9500 g kg moisture:soil ratio: while in the case of NJ s@ilg. 4.3b)
there was a decrease of 60 mg CU for 9500 g kg moisture:soil ratio. Whereas
there was a convergence of the predicted and meshsuurves at 10000 g Kg

moisture:soil ratio for AH soil with the predictéging higher than the measured at
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moisture:soil ratio < 8000 g Kg(Fig 4.3a), the situation was the reverse for dll s
(Fig. 3b). There was an asymptotic convergencehef firedicted and measured
curves with the measured values being higher tharptedicted values at all levels

of moisture:soil ratio content (Fig 4.3b).

5 1 1
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o - predicted
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= 3{0.° i
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yo! e
g 2 - — L
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a1 i
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0 4:1 8:1 12:1

Moisture:soil ratio, g kg?
Fig. 4.3a: Effect of moisture: soil ratio on Cd conentration in AH soil solution

Reduction of Cd concentration with increase in mwessoil ratio may lead
to less Cd availability to crops for uptake, resgitin minimum uptake of Cd by

crops.
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Fig.4.3b:  Effect of moisture: soil ratio on Cd corentration in NJ soll
solution

In AH soil, 20.8-fold increase in moisture:soilicaffrom 48 to 100 g/100g)
gave 1.1-fold decrease in Cd concentration (froentd.2.5 mg [%). For NJ soil,
20.8-fold increase in moisture:soil ratio (from #8100 g/100 g) resulted in 2.8-fold

decrease in Cd concentration (from 106 to 37 myg L
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Fig. 4.4: The effect of moisture: soil ratio on DOC
concentration

4.1.3 The effect of soil moisture:soil ratio on dsolved organic carbon (DOC)

concentration

The concentration of dissolved organic carbon (DG(S)a function of
moisture content is depicted for Ah and NJ soild=ig. 4.4. The concentration of
DOC decreased with increasing moisture:soil raka.(4.3). Dissolved organic
carbon concentration in soil solutions has beemdoto vary and may depend not
only on the solil type (Herbert and Bartsch, 199%) the moisture:soil (Hagedoen
al., 2000) but also on wetting-drying cycles, microbiattivity and metal
loadoistuing (Merckxet al., 2001). Reduction of DOC with increasing soll

moisture:soil ratio may lead to high metal acceabsilio plants for uptake.
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4.1.4 Model (WHAM VI) predicted and measured soil @ concentration
relationship

The relationship between dissolved cadmium cona#atr predicted with
WHAM VI and measured values of total Cd concentratn soil solution at 1.2 field
moisture capacity (FMC) is presented in Fig. 4.5a.

Root mean square error (RMSE) is the distance,venage, of a data point
from the fitted line, measured along a verticaklirt is used for forcasting the
accuracy of a model. The smaller the RMSE valugabé the better the performance
of the model.

Ninety-three percent of the predicted values of ¢@acentration in soail
solution at 1.2 field moisture content (FMC) werighin 1 order of magnitude of the
measured ones and the root mean square error (R&3E calculated logarithm of
Cd concentration (RMS§cq) was 0.54 (n=37). The RM&Ecq for GK and NJ
soils valued 0.24 and 0.16, respectively were lotlian those for AH (RMSggcq;
=0.51) and NC (RMSEyicq; = 0.89). The logarithmic values establishing tmedr
relations of predicted and measured values of GiK M soils were low indicating
the closeness of the predicted Cd values to thesumed. However, general
relationships between dissolved and sorbed Cdpatwleen predicted and measured
concentrations were similar for the soils of difiet geographic origin with similar
organic matter content and pH (Fig. 4.5a). Caleaiabf Cd concentration as a
function of moisturesoil ratio resulted in valuesasonably close to the measured
ones (Figs. 4.3a, 4.3b and Fig. 4.5b) with the Rk =0.25 for the set of data for

both AH and NJ soils (n=20).
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The composition of soil solution is usually unknowamd, in this case,
concentrations of dissolved cations, DOC, andsaliition pH cannot be used as the
input variables for prediction of Cd concentratiang., in toxicological studies.
Usage of generic concentrations of the constitueh®il solutions may be helpful
for practical applications of WHAM VI if the erromrglated with this approach are
acceptable.

Sensitivity of the model predictions to the uncetiain the input variables
was evaluated by calculating the RMsgfeq; @s a function of the variability of the
input for NC and NJ soils. In the ranges of SOM &edcontents, and of DOC and
Ca concentrations from —50% to +200%, and pH frapH to +0.5 pH of their
actual values; calculated log[Cd] was most seresiiivthe variation of SOM content.

For the soils with lower RMSgcq), calculated log[Cd] was less influenced by the

1.4 : :
(a)

1.2

1.0

log(Ca)

RMSE

0.8 —

0.6 —

0.4 T T T T
-100 -50 0 50 100 150

Variation of input variable, %

Fig. 4.6a: Root Mean Square Error of calculated logrithm of Cd concentration
in soil solutions as a function of the variation ofthe WHAM VI input
concentrations for NC.
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Fig. 4.6b: Root Mean Square Error of calculated logrithm of Cd concentration
in soil solutions as a function of the variation ofthe WHAM VI input
concentrations for NJ soils.

variability in pH and slightly more influenced hbiyet variability in DOC, than for the
soils with higher RMSEgicq (Figs. 4.5a and 4.5b).

Variation in soil Fe content and dissolved Ca cot@ion only slightly
influenced predicted log [Cd] (Figs 4.5a and 4.5Wpriation in solution pH from —
0.5 pH to +0.5 pH of their actual values resultethie variation of RMSkyjcq) from
0.22 to 0.18 for NC and from 0.09 to 0.01 for Ndssd' hus, usage of generic values
of some of the input variables may result in predicerrors that are acceptable for
some purposes, such as computing critical loadmg regional basis.

Better prediction may be expected using the vatdesoil properties specific
to each kind of soil. Using values of Ca and DO@oamtrations measured with no
addition of Cd for each of the soils and soil pHimsut variables to calculate Cd
concentration in soil solutions after spiking thals resulted in RMSkgcq) 0.66,

0.52, 0.33, and 0.52 for NC, AH, NJ, and GK, respety; and for all 4 soils
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RMSEggicq) =0.49 giving better prediction of log[Cd] than whénhe values were
taken as the average for all soils studied.

General relationships between dissolved and so@ednd predicted and
measured concentrations were similar for the sditlifferent geographic origin with

similar organic matter content and pH.

4.1.5 Statistical analysis of Cd and Pb concentratns in crops and soil

Crops absorb Cd and Pb from sources like the soivlich they are grown
and the irrigation water used if they are contatgidawith these metals. The
presence of these metals in the soil affects thteemi uptake by crops to give
optimum yield per unit area of land under cultigati

Statistical analysis of crop Cd and Pb concentnatiANOVA) of samples
was done using General Linear Model (GLM) procedureStatistical Analysis
System (SAS) package. The results showed the tactmsidered to affect (time,
metal concentration and crop) Cd metal concentaitiowater was significant (p-
value 0.0001<0.05) (Appendix 4). For Pb, type ajpcwas found to be significant

(p-value, 0.0137<0.05) (Appendix 4).

4.1.6 Influence of Cd and Pb concentrations on crogields

The effects of Cd and Pb on the yields of lettuce earrot are presented in
Tables 4.3a and 4.3b. Crop yields were negativeNuenced by Cd and Pb
concentrations generally. The yields of lettucerfrine Cd treaed plots were 17,232,
15,408 and 14,400 kg Hafor 0, 0.05 and 0.1 mg Cd Lirrigation water
concentrations, respectively. The yields for thettreated with 0.05 and 0.1 mg L

of Cd were reduced by 11 and 16 %, respectivelmpared to the yield of the
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control treatment (0 mg1). In the case of Pb treatments of lettuce thedgievere
23,424, 20,208 and 13,296 kg “hdor 0, 30 and 50 mg t irrigation water
treatments, respectively. Comparing the vyields frdnand 50 mg T irrigation
water treatments to that of O md kreatment, there were reductions of 14 and 43 %,

respectively (Table 4.3a).

Table 4.3a: The effect of Cd and Pb concentrationsn lettuce yields

Cdconc. Cropyield Percent # Pbconc. Cropyield Percent#
(mg LY (kgha')  reductionin (mg LY (kg ha')  reduction in

yed yield
0 17,232 - 0 23,424 -
0.05 15,408 11 30 20,208 14
0.1 14,400 16 50 13,296 43

Carrots responded differently to Cd and Pb in thigation water (Table
4.3b). Plots of carrots irrigated with Cd solutionelded 21,000, 53,760 and 45,120
kg ha® for 0, 0.05 and 0.1 mg itreated plots, respectively. A comparison of the
yields from the 0.05 and 0.1 mg'ltreatment plots with those from 0 mg Iplots
showed increases of 61 and 53 %, respectivelyd¥igbm Pb irrigated carrot plots
were 36,240, 25,680 and 31,920 kg'Har 0, 30 and 50 mg 1t irrigation water
treatments, respectively. There were reduction8%fand 12%, respectively, when
yields from 30 and 50 mgLirrigation water treatments were compared witHdge
from 0 mg L irrigation water treatment. A study of the effeftheavy metals on
alfalfa plants by Peraltet al., (2004) showed that a Cd dose of 5 migreduced the
shoot size by about 16% compared with the confioh dose of 20 mgt there was

63% reduction in the size of alfalfa shoot andthdkeffect on the plant at a dose of
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40 mg L. Oncelet al., (2000) found that Cd reduces the level of clpbgdl a and

b, implying that photosynthetic activity may be wedd by the presence of Cd.

Table 4.3b: The effect of Cd and Pb concentrationsn yield of carrot

Cdconc. | Cropyield | Percent# | Pbconc. | Cropyield | Percent#
(mg L' (kg ha') | reductionin| (mg LY (kg ha') | reduction in
yield yield
0 21,000 - 0 36,240 -
0.05 53,760 61 30 25,680 29
0.1 45,120 53 50 31,920 12

In this work the yield of Cd treated carrots showetifferent trend compared
with that of lettuce. Yields of carrot from 0.05ca8.1 mg Cd [* treated plots
increased by 60.9 and 53.3%, respectively, compaitdyields from 0 mg Cd
treated plots. This may be ascribed to Cd formimiglde complexes with some soill
constituents that were taken up by carrots asemnifion those plots (Oliver and
Naidu, 2003). However, this anomaly may requirehfer studies by plant scientists

interested in the role of heavy metals in plantitiab.

4.1.7 Effect of Cd and Pb concentrations in irrigabn water on crop Cd and
Pb content

Table 4.3 presents the concentrations of Cd anthRést crops in relation to the

rates of the metal treatments in irrigation watérddferent stages of growth.

Cadmium and Pb concentrations in the test cropgd@sed significantly (p< 0.05) as

concentrations of the metals in the irrigation watereased. However, the increases

were non-linear as illustrated in Fig.4.7a.
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Table 4.4: Mean cadmium (Cd) and lead (Pb) concerdtions in cabbage,
carrots and lettuce crops under different irrigation water (IW) Cd and Pb

contents
Crop Days IW conc Av Crop Cd conc I\(%S?SC Av Crop Pb conc
(mg/L) Cd (mg/kg dry wt) Pb (mg/kg dry wt)
Cabbage 40 0 0.249 (0.125) 0 0.601 (0.095)
0.05 0.542 (0.284) 30 11.76 (3.98)
0.1 0.961 (0.215) 50 15.22 (5.82)
70 0 0.093 (0.024) 0 0.183 (0.015)
0.05 0.389 (0.067) 30 0.367 (0.093)
0.1 0.592 (0.142) 50 0.499 (0.082)
100 0 0.344 (0.185) 0 0.216 (0.125)
0.05 0.85 (0.219) 30 0.874 (0.185)
0.1 1.11 (0.328) 50 0.945 (0.426)
Carrots 40 0 0.062 (0.021) 0 0.557 (0.298)
0.05 1.04 (0.334) 30 3.22 (0.912)
0.1 0.732 (0.295) 50 6.07 (1.09)
70 0 0.432 (0.041) 0 0.73 (0.262)
0.05 0.701 (0.168) 30 2.61 (0.656)
0.1 0.898 (0.688) 50 4.32 (1.17)
100 0 0.181 (0.029) 0 0.427 (0.18)
0.05 0.997 (0.208) 30 4.54 (1.23)
0.1 0.799 (0.298) 50 6.24 (2.64)
Lettuce 20 0 0.263 (0.082) 0 1.41 (0.563)
0.05 0.602 (0.238) 30 21.80 (4.45)
0.1 0.549 (0.181) 50 21.9 (3.62)
40 0 0.241 (0.092) 0 1.62 (0.827)
0.05 1.0 (0.843) 30 79.20 (24.9)
0.1 0.534 (0.101) 50 82.4 (22.90)
55 0 0.121 (0.053) 0 2.25 (0.812)
0.05 0.968 (0.392) 30 133.6 (44.6)
0.1 1.022 (0.311) 50 187.4 (39.9)

* Values in brackets represent standard deviation

Cadmium concentrations for

cabbage were betweer® Udr zero

concentration at 70 days and 1.11 md kor 0.1 mg L* concentration at 100 days,

while carrots and lettuce had values of 0.062 &ypzoncentration at 40 days to 1.0

mg kg' and 0.12 to 1.02 mg Ky respectively. Lead concentrations in cabbage

ranged between 0.18 for zero concentration at ¥8 dad 15.2 mg kyfor 50 mg

L™ concentration at 40 days while for carrots antltet the concentrations were

0.43 for zero concentration at 100 days to 6.24kgiyfor 50 mg L* concentration

at 100 days and 1.41 to 187.4 mg‘keespectively. Cadmium and Pb concentrations

in lettuce were the highest among the three crops.Cd and Pb concentrations in
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the test crops (cabbage, carrots and lettuce)efiar zrigation water treatment might
have been absorbed from soil during the nursegestahe soil for the nursery was
collected from an abandoned waste-dump site. THenss sterilized but the soill
sterilization could not influence the effect of iganetals present since heavy metals
are not thermophilic.

Table 4.5 shows the time effect on crop Cd andd?izentration levels.

Table 4.5: Average Cd and Pb concentrations in calalge, carrots and lettuce
for each irrigation water concentration after 20, 4 and 55 days for lettuce and

40, 70 and 100 days for cabbage and carrots aftenansplanting.

Days after 1
Element | Crop transplanting IW conc (mg L™)
Cd 0 0.05 0.1
Plant conc (mg kg')
Cabbage 40 0.25 0.54 0.96
70 0.09 0.39 0.59
100 0.34 0.85 1.11
Carrots 40 0.06 1.04 0.73
70 0.43 0.70 0.90
100 0.18 1.0 0.80
Lettuce 20 0.26 0.60 0.55
40 0.24 1.01 0.53
55 0. 1 0.97 1.02
Pb 0 30 50
Cabbage 40 0.60 11.76 15.22
70 0.18 0.37 0.50
100 0.22 0.87 0.95
Carrots 40 0.56 3.22 6.07
70 0.73 2.61 4.32
100 0.43 4.54 6.24
Lettuce 20 141 21.78 21.87
40 1.62 79.16 82.41
55 2.25 133.60 187.4

Metal concentrations (Cd and Pb) of the first s @lays) of harvested
cabbage samples were very high compared with coratiems after 70 days (Table
4.5). This might be for the fact that the initi@nsples were taken from the leaves

and not “heads” which is the edible part, becawgbeatime of the first sampling the
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“heads” had not formed. The concentration appetodik higher in the leaves than
in the heads”.

From Table 4.5 there were no systematic increaS&€daoncentration with
time for any of the crops. However, Pb concentretian lettuce increased
consistently with time during the period of grovathd irrigation water concentration.

Plant Cd and Pb uptake rates of the three cropsagnday', increased with
irrigation water concentrations and the trend wasilar to those of plant and
irrigation water concentrations relationships (Fij$a and 4.6b).

Crop yield was affected by irrigation water concatibn of Cd and Pb. For
lettuce there was a reduction in yield for botha&@d Pb treatments with increase in
concentrations of Cd and Pb in irrigation waterel§s from treatments with 0.05 mg
L™ Cd concentration reduced the yield by 10.7% of ¢batrol (0 mg [}) while
treatment with 0.1 mg L Cd concentration reduced the yield by 16.4%. Foitte
yield was reduced compared to the control by 18 48.2% for 30 and 50 mg'L
respectively (Tables 4.3a and 4.3b). Reductionigdywith Cd and Pb treatments
shows that the presence of the metals possibly repdessive effects on the
physiological functions of the plants. The Cd atdif®the irrigation water compete
with essential macronutrients like Ca and Mg resliiby plants for healthy growth,
thus creating nutritional imbalance (Nostial., 2001).

Cadmium and Pb concentrations in cabbage, carnotdedtuce increased as
their content in irrigation water increased. Rooluge uptake has been found to
increase with root water uptake (Ingwersen andcgir2005). The root solute uptake
may depend on the water uptake rate even wheneagfitake is dominant. During
periods of high temperature the decomposition caterganic matter is likely to be

high leading to the release of heavy metals in sdiition to make them mobile or
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available for uptake by plants (McGraghal., 1994). Also, there is a tendency for an
increase of vapour saturation deficit at high terapges. The increase in saturation
deficit will in turn increase the atmospheric evigiivity and transpiration rate. The

climatic conditions during the period of field exjpeentation were expected to result
in high transpiration rates of plants. The cropd’ahd Pb concentrations were found
to be high and the values are comparable with texbtained from a study on

wastewater irrigation of crops in India by Singhal., (2004). Higher Cd and Pb

concentrations in the crops found in this study nieyefore be ascribed to climatic-
induced high transpiration rates (Tables 3.1 ar&). 3.Marschner (1995) reported

from a study of Cd uptake by crops that crop Cdktwas by mass flow with the

transpiration flux. This is in line with observat® made in other studies by Lorenz
etal., (1994) and Kashem and Singh (2002) on Cd and Zakepoy radish, oats and

water spinach. Hardiman and Jacoby (1984) maddasimbservation on Cd uptake

by bean plants.

The World Health Organisation (WHO, 1989) recomnezhthat daily intake
of Cd per unit (kg) body weight of an adult shounlat exceed 1 pug. Therefore the
maximum daily Cd intake by a vegetarian of 50 kagewill be 50 pg. This value
is higher than the Cd intake of 4.32 ug from coniteasieal of a vegetarian feeding
on produce irrigated with 0.05 mg™LCd concentration in irrigation water.
Considering individual crops, carrots provided inghest value of 3.2 pg for a daily
intake of 113 g. A meal of cabbage, carrots anddetfrom crops irrigated with 0.1
mg Cd Lt in irrigation water would contain 4.44 ug Cd. aradult of 50 kg weight
this falls below the WHO recommended maximum vaifi&0 pg day.

Lead content for the same composite daily mealmofdult vegetarian of

produce irrigated with 30 mg Pb'lof irrigation water is 33.9 pg while that of crops
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irrigated with 50 mg Pb L Pb of irrigation water is 37.9 ug. The WHO (1987)
recommended maximum Pb daily intake per kg bodyktes 3.57 pg. So an adult
vegetarian of 50 kg body weight, for example, has@mmended maximum daily
Pb intake of 180 pg. The recommended maximum visl4e75- and 5.31-fold the
intake values of vegetables irrigated with 50 mgLlPband 30 mg Pb L Pb in
irrigation water, respectively. The recommended imaxn Pb daily intake of 14 pg
from carrots (ANZFA, 2001) was, however, exceedgdtops irrigated with 30 and
50 mg L* Pb concentrations by 2.14- and 2.4-fold respelgtive

Langmuir equation was fitted to the data pointstiow the trend of plant Cd
and Pb concentrations as the irrigation water camagon varied (Figs. 4.7a and
4.6b). Langmuir equation is expressed in equatitras:

K xCw
1+nxK xCw)

Cplant = ( (4.1)

Where:
Giant -plant metal concentration (mg kg
Gy — Irrigation water metal concentration (mg)land

K and n are constants.
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Fig. 4.7a: Plant Cd uptake rate (mg/kg/day) and irigation water concentration
(mg/L) relationship for measured and predicted (Lagmuir) values

Lettuce Cd and Pb concentrations were found to igbebt. Figure 4.7a
showed that Cd and Pb concentrations of the velgstaicreased with concentration
and time, those of lettuce being significant atapue < 0.05. This might be due to

the difference in transpiration rates of the d#far crops that have different

physiology that influences transpiration.
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Fig. 4.7b: Plant Pb uptake rate (mg/kg/day) and irigation water concentration
(mg/L) relationship for measured and predicted (Lammuir) values.

The intake rate of Pb was negligible and insigaificand could hardly be
seen on the graph (Fig 4.7b). For both Cd and Btiude had the highest
concentration values. Also Cd and Pb concentrationall plants increased with
concentration as well as time. Those of lettuceewsgnificant (p-value < 0.05)
(Figs. 4.7a and 4.7Db).

Cadmium and Pb concentrations of the cabbage,tsaaml lettuce increased
as the plants grew. Plant metal content varies tintle of harvesting and stage of
maturity (Sauerbeck, 1991). This confirmed the ltesaf a study on barley plants by
Nouri et al., (2001) and on maize by Chrysafopoulgual., (2005). However the
magnitude of time dependence of plant Cd and Plerdgration variations differed
among crops and metals. The uptake and distribationetals in crops differ among
species and cultivars within a species (Ingwerseh&treck, 2005). Lettuce had the

highest Cd and Pb concentrations among the threpsctested in this study,

confirming Cd concentration in lettuce as reporgdother researchers (Petterson,
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1997) and from studies on crops like carrots andagih (He and Singh, 1994).
Sauerbeck (1991) indicated that when plants arengomineral absorption is
relatively rapid and dry matter production is ratkow. But later when large and
active photosynthetic areas are being formed, dayten production may outstrip
absorption of mineral elements, leading to a redaah their level. During this time
there is also a redistribution of elements withiie plant and variation between and
within different organs may be quite large (Morent®96). Lead is usually
accumulated in the roots and only a very small arh@iaccumulated in the shoots.
However some plants translocate Pb effectivelyhtmoss without chelators that aid
Pb translocation from roots (Chrysafopoukal., 2005). High Pb concentrations in
lettuce showed the probability of lettuce being a@fiesuch plants that effectively
translocate Pb from roots to shoots. High Pb comagons in plants may be an
indication of metal uptake from irrigation water hbyanspiration since Pb
concentrations in plants do not exceed 10 mg/k wie exception of leafy plants

such as lettuce (Kabata-Pendias and Pendias, 1986).
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Fig 4.8: Average plant Cd and irrigation water corcentration relationships for
measured and predicted (Langmuir) values.
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Plant Cd and Pb concentrations of the three crapsguthe Langmuir
equation gave a correlation coefficient of 0.99®wielated to measured values (Fig
4.8) and a RMSE range of 0.054 — 0.25 for Cd; afd 6 1.30 for Pb (Table 4.6).

Table 4.6: RMSE of the relationship of measured angredicted Cd and Pb
concentrations (mg/kg) of cabbage, carrots and laite using the Langmuir

equation.
Element Crop Days after transplanting RMSE values
Cd Cabbage 40 0.144
70 0.054
100 0.199
Carrots 40 0.13
70 0.249
100 0.132
Lettuce 20 0.153
40 0.237
55 0.07
Pb Cabbage 40 0.347
70 0.106
100 0.125
Carrots 40 0.387
70 0.422
100 0.246
Lettuce 20 0.813
40 0.938
55 1.298

The Langmuir equation applied to Cd uptake by Svakard grown on
composted sewage treated fields gave a linear giotower soil Cd and Pb
concentrations while a non-linear (curvilinear)at@dn was obtained at higher
concentrations (Charg al., 1997). The crops’ Cd and Pb concentrations detexthi
in this study were comparable to those in simitadies carried out in Ethiopia
(Rahlenbeclet al., 1999) and in India (Singét al., 2004).

Root uptake of solute is assumed to be linearlp@rional to the product of
soil solution concentration and water uptake (Gérisen and Tjell, 1984; Behrendt
etal., 1995; Trapp, 2000; Schoups and Hopmans, 2002it@ral., 1998). This may

be a reason for the crops (cabbage, carrots anatdg¢tCd and Pb concentrations
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increasing with the concentrations of the irrigatiwater as shown in Figs. 4.6a and
4.6b. Considering an adult vegetarian in Ghana whegetable intake is the same as
a vegetarian in India, who by recommendation tak&3 g each of carrots and
cabbage and 21g of lettuce (USEPA, 2002), his Gakénfrom produce irrigated
with 0.05 mg [* Cd in irrigation water will be 4.32ug and from eoguce irrigated
with water containing 0.1 mgL.Cd, it will be 4.44 pg. Heavy metal intake also

depends on body weight and the age of the cons(@tieer and Naidu, 2003).

4.2 Total and available soil Cd and Pb concentratns

Soil total Cd concentrations had a minimum valueO&6 mg kg and a
maximum value of 14.7 mg Kg(Table 4.7). Total Cd of 20 mg Regapplied that was
recovered in the 0 — 5 cm depth ranged between@&®177 %; and for the 5 — 10
cm depth the range was 11 to 39%. The distributibthe total that constituted
available Cd ranged between 18.7 and 96.8 % fotdpes cm depth and 8.5 and
89.6 % for the 5 — 10cm depth. With respect to saihples from plots of specific
crops (cabbage, carrots and lettuce), the percemtiagvailable Cd of the soil ranged
between 25.3 and 70.5 for the 0 — 5 cm depth; eovd £0.7 to 89.6 for the 5 — 10
cm depth. The available soil Cd relative to sadi&t&d from carrots and lettuce plots
ranged from 18.7 to 55.3 % for the 0 =5 cm deptiat & 46 to 55.6 % for the 5 -10
cm depth. For lettuce, Cd ranged from 24.9 to 96.8r the 0 — 5 cm; and 11.9 to
96.8 % for the 5 =10 cm depths. The minimum avé&laoil Cd concentration was

0.02 mg kg and the maximum value was 7.48mg'kg
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Table 4.7: Soil Total and available Cd and Pb concérations at the top 10 cm

depth of experimental plots

Element Crop Irri water | Soil sample| Soil metal concentration
conc (mg | depth (cm)| (mg kg®)
LY Total Available
Cd Cabbage 0.05 0-5 9.8 3.8
5-10 4.97 1.8
0.1 0-5 13.24 4.34
5-10 7.22 2.98
Carrots 0.05 0-5 12.11 5.09
5-10 7.91 3.61
Oyl 0-5 14.7 7.48
5-10 8.96 3.75
Lettuce 0.05 0-5 8.78 3.18
5-10 0.36 2.08
0.1 0-5 9.7 2.65
5-10 6.33 0.02
Pb Cabbage 30 0-5 3949 1.73
5-10 202.0 0.09
50 0-5 991.8 4.23
5-10 345.29 1.12
Carrots 30 0-5 419.2 1.58
5-10 32.6 0.18
50 0-5 499.0 8.45
5 16 82.22 0.88
Lettuce 30 0-5 284.4 7.86
5-10 95.25 1.67
50 0-5 661.2 13.31
5-10 187.56 1.75
# soil total Cd (0 - Scmi) Lettuce
g W soil total Cd (5 - 10cm) Dethiace
£ g - - * .
B 7
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Fig 4.9: Total Soil Cd concentration variation with time at varying
depths for lettuce plots
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The available Cd ranged between 18.7 and 96.8 %thétop 5 cm depth and
between 8.46 and 89.6 % for the 5 — 10 cm depthh Yéspect to soil samples from
plots of particular crops, the percentage of awéglaCd to the soil total soil Cd
ranged between 25.3 and 70.48 for the 0 — 5 cmhdeqt from 20.7 to 89.6 for the 5
— 10 cm depth. Carrots and lettuce had percentayges of total soil Cd of 18.7 to
55.3 for the 0 — 5 cm depth and 8.46 to 55.6 ferGh- 10 cm depth. For lettuce the
range was 24.9 to 96.8 for the 0 — 5 cm and 11918 for the 5 — 10 cm depths.

The total Pb concentrations of soil samples rargstveen 32.6 and 991.8
mg kg* (Table 4.7). The minimum available concentraticas\d.09 mg kg and the
maximum value was 8.45 mg/kg. The percentage ofdtat Pb that is available was
very low in comparison to that for Cd. The percgetaalues for available Pb ranged
from 0.058 to 7.9 for the 0 — 5 cm depth and 0.@w/2.8 for the 5 — 10 cm depth.
Available Pb concentrations were highest in saisf lettuce plots, the top 5 cm
having 0.058 to 7.9 mg Kg The 5 — 10 cm depth had 0.15 to 2.52 mg kBig
4.9.1a). High soil metal concentrations retrievexaht the soil suggest that the metals
could have residual effects on any succeeding crops

Total soil Cd concentrations ranged between 0.861a7 mg kg while that
of Pb was between 32.6 and 991.8 mg gy soil (Table 4.7). Available soil Cd and
Pb concentrations were 0.022 — 7.49 mg Cd kgd 0.092 — 8.45 mg Pb kg
respectively (Table4.7). Although these values camagfavourably with results of
other studies for a few wastewater irrigation siglétsios et al., 2005; Ingwersen
and Streck, 2005), their values were rather tob.hidpis might be due to the low soil
pH which favours uptake of heavy metals and whiglgdent irrigation in the high

temperature environment promotes it.
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Fig 4.10a: Total soil Pb variation with time at twodepths of the lettuce plots

Soil Cd and Pb concentrations decreased with defik. total Cd values
were 51.3 % at 0-5 cm depth and 24.4 % at 5-10 epthd The values for Pb were
7.64% at 0-5 cm and 1.73% at 5—-10 cm depth. Thiedpgnd the available values
of Cd of 0-5 cm were 19.5% and 8.37% respectivély.5-10 cm depth Cd
decreased by 0.12% at 0-5 cm and 0.01% at 5-1@cRbf These may be ascribed
to the fact that water movement may be lower wigptd due to increasing clay
content with depth thus causing the soil heavy mdtabe concentrated at the soil
surface.

The percentage of total Cd that was available vedswédren 18.7 and 96.8 for
the top 5 cm soil depth and between 8.46 and 8%.6he 5-10 cm depth. These
values were higher than those for Pb that were83-D86 and 0.077-2.78 for the 0-5
and the 5-10 cm depths, respectivéya study carried out in Greece, the range of

available soil Cd was between 0.1 and 1.37 mg/kigs{db et al., 2005).
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4.2.1 Predicted Cd and Pb ion activities in soil
WHAM VI predicted Pb activity gave a coefficient détermination (B of
0.99 when related to soil total Pb, while the prezti Cd free ion activity gave a

coefficient of determination @Rof 0.55 when related to total soil Cd (Fig 4.9.1b

1.00E-08

R?=0.5541
R?=0.9973

1.00E-09 +

Free ion activity (M)

1.00E-10 +

ecCd

EPb

1.00E-11 ; ;
1 10 100 1000
Soil Total metal concentration (mg/kg)

Fig 4.10b: Soil Cd and Pb free ions activities antbtal concentrations
relationships

Lead free ion activity ranged between 8.50%° and 4.62< 10° mol/kg. This
represents 4 10°% of the total Pb. Cadmium free ion activity waswmeen 1.57
10%° and 6.54x 10° mol/kg. This representsx®210° % of soil total Cd.

The trend of greater available concentration ofti@h that of Pb is reflected
in the WHAM VI predicted results of ion activiti@ghere free ion activity of Cd was
insignificant or negligible compared with soil tbfad and free ion activity of Pb.
This may be due to the fact that Pb is more styorsgirbed to soil than Cd.

Relatively high uptake of the metals by the pldris irrigation water could be as a
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result of transpiration. However this could notrsfigantly affect Cd and Pb levels
ending up in the soil with part being sorbed touathe available metals.

Dissolved organic carbon concentration in soilusohs is usually very
variable and may depend not only on the soil tyerlert and Bertsch, 1995) and
on the moisture content (Hagedoehal., 2001) (Fig. 4.5a), but also on wetting-
drying cycles, microbial activity, metal loading éxtkx et al., 2001), and other
factors. Complexation of Cd by DOC in some systeeng,, solution phase of leaf
compost was reported to be minimal showing thdh@se systems Cd exists mostly
in the free ionic form or as weak (labile) orgaoamplexes (Martinez and McBride,
1999). However, the portion of complexed Cd depemughe ratio between DOC
and Cd concentrations. Based on WHAM VI calculaidior the soils studied at the
lowest Cd loading up to 78%, Cd was complexed lsgalved organic matter but
with the increase in total Cd content in soils thé&ction decreased to 1.3%. Taking
DOC concentration for all the soils to be 320 mg €and Ca concentration to be
0.007 M (both equal to the average values for thdisd data set), soil solution pH
equal to soil pH, and assuming that’Cis the main cation in soil solution and the
concentrations of other cations are negligibleylted in a RMSkggcq for all 4 soils
of 0.56.

Plant Cd concentration was poorly related to eifnee ion activity or total
Cd concentration of soil (Figs. 4.11a and 4.11lhe Values were more scattered in
the case of carrots and lettuce with cabbage shpwirbetter linear correlation
between plant Cd concentration and either freeaictivity or total soil Cd (Figs.

4.11a and 4.11b).
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In contrast, plant Pb concentration had a bettatiomship with either free

ion activity or total soil Pb. The trend was simila both cases and Pb concentration

in lettuce increased with free ion activity as wael total soil Pb concentration (Figs

4.12a and 4.12b).
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Fig. 4.12a: Plant Pb concentration and Pb free ioactivity relationship
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Fig. 4.12b: Plant Pb concentration and total soil B concentration relationship

The crop Pb concentrations showed a good relatipnsith both free ion
activity and total soil Pb. However, the crop Cdecentrations did not show any
correlation with either the free ion activity ortdb soil Cd except in the case of

cabbage. There was a linear correlation betweebaggb Cd and free ion activity
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while in the case of lettuce and carrots there graater scatter of points. This may
be ascribed to cabbage having greater number ofadés to increase transpiration
pull that draws free ions in soil solution.

Soil properties like pH and organic matter areueficed by frequency of
irrigation at high temperature and low soil moistawvailability. A higher soil pH at
high temperature may lead to higher concentratiohsheavy metals being
maintained in the topsoil as a result of highempevation. The experimental soil was
medium acid (pH = 5.9 — 6.0). Cadmium and Pb coimagans in the top 0 — 5 cm
depth were higher than values at lower depth, whiely be due to the fact that the
movement of the metal to deeper depths was resdriét higher decomposition rate
of organic matter to release heavy metals to stiit®ns resulting from high surface

temperatures (McGrat al., 1994) could also be a possible factor.

4.3.1 Modelling of plant Cd and Pb concentrations Y using transpiration rate
Modelling based on transpitation rate of modifieywersen and Streck
(2005) equation was used to predict vegetable Cdl Rb concentrations (see

equation (2), p.62 under materials and methodsosgct

4.3.2 Modelling efficiency (EF)
Values of modelling efficiency (EF) of cabbage,rots and lettuce were
calculated using equation (7) (Loague and Greealt9
EF = 1 -Y"=1(R-0i)* / ¥"i=1(0i - 0)° (7)
Where:
P, —is the predicted (calculated) plant heavy mesakcentration (mg kY
Oi- is the observed (measured) plant heavy metatentration (mg K9,

O — is the mean of observed plant heavy metal caratéon (mg kd).
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Modelling efficiency (EF) is a measure of the extém which predicted
values approach a corresponding set of measuresha®ns. Modelling efficiency
is thus more appropriate than regressing modebéuee on observed ones because a
good modelling performance requires that observed@medicted data are identical
rather than simply linearly related. However, theaming of EF is similar to that of
the coefficient of determination,?RThe EF can be seen as thef& a regression
line with a slope of unity and an intercept of zero

Relative errors were calculated without considetimg different treatments.
Lead treated cabbage had the highest relative @radrie 4.8). This is as a result of a
wide range of difference between the measured aedigted values of the control
treatment. The relative error was calculated utiegequation (8) below:

measured — predicted
measured

Rel Error = | x 100% (8)

Table 4.8: Model efficiency average relative error(EF) and average relative
error of treatments of test crops

AV Rel Av Rel. Error
Element Crop EF Value ' (treatments)
Error(%) %
Cd
Cabbage 0.953 7.729 3.641
Carrots 0.911 10272 3.295
Lettuce 0.934 10.272 5.767
Pb
Cabbage 0.514 33.047 25.259
Carrots 0.982 8.209 4.768
Lettuce 0.995 0.742 4.602

The values in column 5 of Table 4.8 ranged betw@2rand 56% of the
values in column 4 (Table 4.8) for Cd treated vabkes. For Pb the values average
relative error ranged between 58 and 62%. The safae Pb treated plots were
higher than those for Cd treated. In terms of crbygsvalues were in the following

order: lettuce > cabbage > carrots. Carrot valdazlative error for Cd were 32%
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and that of Pb were 58% which were least for bdédments. The highest values
were recorded for lettuce.

Results of Pb treated samples showed that the numkd not favour Pb
treated cabbage as compared to carrots and ldiecause cabbage had the least
model efficiency.

Table 4.9: Relationship between treatments of vaous crops and their
respective relative errors

Element Crop Sample Identification Rel. Error, %

Cd Cabbage CdGb(0 mg/L) 31.02
CdCh;, (0.05 mg/L) 2.795

CdChk (0.1 mg/L) 4.289

Carrots CdCiy (0 mg/L) 79.498
CdCyr (0.05 mg/L) 10.036

CdCp (0.1 mg/L) 5.116

Lettuce CdLp (0 mg/L) 86.882
CdLT: (0.05 mg/L) 15.195

CdLT, (0.1 mg/L) 3.163

Pb

Cabbage PbGb (0 mg/L) 98.635

PbCh (30 mg/L) 32.591

PbCl (50 mg/L) 18.477

Carrots PbCg (0 mg/L) 95.247

PbCi (30 mg/L) 8.333

PbCp (50 mg/L) 2.164

Lettuce PbL® (0 mg/L) 69.853

PbLT; (30 mg/L) 0.101

PbLT, (50 mg/L) 0.306

Ninety-five percent of cadmium extracted by cabbeae be ascribed to the
model. Similarly, 91 and 93% of Cd extracted byrair and lettuce respectively can
be attributed to the model. Since the relative rerfor the three vegetable crops
ranged between 8 and 10%, it can be said that thaelhrhas performed creditably
well with respect to Cd.

Analysis with Pb using carrots and lettuce yieldadilar results as Cd with
the exception of cabbage that showed a remarkastaton with Pb. It was

observed that the relative error was quite substlanith Pb extraction by cabbage.
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In the early part of the experiment, the ediblé pathe cabbage had not formed. So
the analysis was done on the leaves. Since the Inestienation is based on the

edible part, it is not surprising to notice suctg&adisparity in the performance for

Pb and cabbage relationship. It is likely that Rhdves differently with cabbage

from Cd. Such anomaly is not easily explicable l#s reasons given are based on
conjecture.

Table 4.9 contains the relative error of individuseatments of the
experimental crops. Relative error values of adl ttontrols of the crops were the
highest, ranging between 31 and 98.6%. These hafjies of the controls could be
attributed to the fact that the initial concenwatiof the metals in soil was not zero.
The data also showed that apart from Pb treatéackstas the metal concentration
increased, the predicted value approached thesisealue.

The model was not tested under different soil amdrenmental conditions.
However, since the model’'s performance was gooeutite soil and environmental
conditions used, it may be possible that it wouldrkvunder different soil and
environmental conditions as well. Nevertheless.ed€lng on the clay type and the
level of organic matter content, the sorption & kieavy metals may show variation.
This may influence the uptake of heavy metals lopsr

Since the model is not based on systems approkehDecision Support
System for Agrotechnology Transfer (DSSAT) (CERERIKE, CERES RICE,
etc.) used to estimate yield of cereals, this malélased on deterministic equation
and therefore there is no need for calibration\ailation.

T-test analysis was performed for the model predistalues of the test crops
treated with Cd and Pb. The obtained values oktt-fer the various crops of

different treatments are presented in Table 4.10.
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Table 4.10: T-test values of model predicted vegdile Cd and Pb

concentrations
Element CrOp t-test (tcalculated) ttabulated
Cabbage 1.58
Cd Carrots 0.829
Lettuce 0.565 12.706
Cabbage 0.553
Pb Carrots 1.015
Lettuce 4.89

The t-test showed that there was no significantedihce between the
measured and predicted vegetables Cd and Pb costems in the vegetables as the
calculated t-values were all less than the tabdlastue of 12.706.

The rate of uptake of ions by crops depends orctimeentration of ions in
the extracellular solution as well as on the casrand energy available for transport.
In plants with a vascular system, the ions are ddripto the root xylem where they
are carried along in the transpiration stream tdsrahat depend on that of water
entry into the xylem. When water enters rapidlyy @mncentration in the xylem can
become quite low due to dilution effect. Howevée tate of delivery of ions to the
shoot is determined strictly by the rate of delfwipm the roots and thus the ability
of the roots to unload ions to the root xylem.

The ions are carried to the root surface by mask br convective flow,
diffusion and hydrodynamic dispersion. The masw féxcurs along with water that
is absorbed by roots. Diffusion occurs because rabisa during periods of low
transpiration lowers the concentration at the saotace and creates a concentration
gradient extending from the soil to the root suelgcand the ions diffuse down the
gradient to the roots. The supply of nutrients da@ calculated from the
concentration in the soil solution multiplied byetAow of the solution to the root.

Hydrodynamic dispersion occurs because of (i) noeifeumity of soil pores, (ii)
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flow in the centre of pores being faster than tdges and (iii) tortuousity of flow
path.

If the ions are absorbed at a relatively greater ttean can be provided by the
bulk flow to the root, the concentration of thesan the soil solution will decrease
in the vicinity of the root. As a result, ions asdeased from the soil particles in an
attempt to buffer the concentration. Since in thisumstance there is a lowering of
ionic concentration at the root surface, ions witid to move into the depletion zone
by diffusion in addition to mass flow. On the othend, if the ion is absorbed at a
relatively slow rate compared to the bulk flow tetroot, the concentration in the
soil solution may build up in the vicinity of theat. Thus, depending on how rapidly
transpiration occurs, there will be an accumulatiérions around the roots. When
transpiration is slow, it is likely that there cduide an accumulation zone in vicinity
of the root zone because of back diffusion. Evigesoggests that over long times
transpiration has little effect on ion uptake byt when the external solution
concentrations are low, but has a significant ¢ffdoen the external concentrations
are high. It is being proposed that ion uptake nesyl to proceed independently of
transpiration probably because ion uptake depemden®rgy requiring processes
quite different from the physical factors drivingnspiration.

In reality, when transpiration is rapid, xylem centrations of the ions are
low because the incoming water dilutes the xylerutsm. In such a case, root
uptake is rapid because opposing concentrationiggreedare small inside the root.
When transpiration is slow, the ionic concentradidouild up to high levels in the
xylem because metabolically driven ion uptake pedseeven though water flow is

slow. However, if xylem concentrations build upotaptake can be inhibited.

106



In this study the model efficiency (EF) values #&df the crops were high,
except Pb in cabbage (Table 4.8). This suggestshbanodel based on transpiration
with the environmental factors as the driving foiz@cceptable. The model outcome
suggests that the external concentrations of tla@yhenetals were high during the

experiment, since this scenario could favour uptikens.
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CHAPTER FIVE

5.0 SUMMARY, CONCLUSION AND RECOMMENDATION
51 SUMMARY
5.1.1 Kinetics of Cd and Pb in irrigation water

The study showed that Cd and Pb concentrationgigaiion water become
reduced in soil. The level of reduction dependstlum type of metal and is also
influenced by soil properties such as pH, organatten content and texture. The
reduction in Cd and Pb concentrations results faatsorption or partitioning of the
metals between the solid and liquid phases of tile \&hile it takes about an hour
for Cd to reach an equilibrium stage, Pb in solutiakes a longer time=8-4 h) to
reach equilibrium in soil.

Partition coefficient (Kd) for Cd was found to ieearse with its concentration
in irrigation water. The study has shown that the &d Pb concentrations of
irrigation water accessible to roots of irrigatetbps are far less than initial
concentrations of the irrigation water. Therefoce find a relationship between
irrigation water and irrigated vegetable metal éptaone may have to use the
reduced irrigation water concentration at equilibriin soil for Cd which takes a
shorter time to equilibrate. Since Pb concentratakes a longer time to equilibrate,
it may be appropriate to use the mean betweemihal iand the equilibrium values
to establish a relationship between Pb concentratib irrigation water and its

concentration in irrigated plants.

5.1.2 Cadmium release in soil solutions
Cadmium release isotherms in all the studied sedese non-linear resulting
in variation in the metal distribution coefficiefthus, the partition coefficient ¢

approach is not applicable for the prediction of €ahcentration in soil solutions.
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The use of WHAM VI provided reasonable fits of ttheta on Cd concentration in
soil solutions of the studied soils and variatibi€d concentration with soil moisture
content. Based on total Cd content, concentrand®»OC, Ca, Mg, and Na, and soil
solution pH as the input variables, WHAM VI was dge predict Cd concentration
in soil solutions with the Root Mean Square ErfeMSE) of the log[Cd] equal to
0.47 (n=51). Using average values of Ca and DOCemnations for each of the
soils, and soil pH at soil: water ratio of 1:1 #etl of soil solution pH, enabled

prediction of log[Cd] with RMSE from 0.33 to 0.66.

5.1.3 Cadmium and Pb uptake by vegetables from irgation water

Irrigation water quality is essential to ensure @jgoiality produce. The use of
irrigation water containing high metal concentratleads to increase of plant metal
concentration and as the concentration of the niettfie water increases, there is
also an increase in plant concentration althoughlinear. The results of the study
have shown that for example, a daily Cd of a cont@aneal of vegetables irrigated
with 0.05 and 0.1 mg Cd/L concentrations of irrigatwater of an adult vegetarian
weighing 50 kg would constitute 9 and 9.4% respetyiof the WHO recommended
maximum value of 50 pug of Cd. Lead daily intakelef same person based on meals
of cabbage, carrots and lettuce irrigated with 30RD/L in the irrigation water will
constitute 18.8% of the WHO recommended maximunevalf 180 pg while that
from produce irrigated with 50 mg/L Pb in the iatgn water would be 20.8%. It is
therefore safe to consume crops irrigated with Gacentration of irrigation water
up to 0.1 mg/L and Pb concentration of up to 50Lmigéad content of carrots,
however, exceeds the recommended daily intake é@mots of 13.8 pg by 2.14-fold
and 2.4-fold for crops irrigated with 30 and 50mdfhb concentrations of irrigation
water, respectively. It is therefore not safe tocess such carrots irrigated with Pb

concentration 30 mg/L and above into baby foochag aire toxic to humans.
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Plant Cd and Pb contents increased with time. Cagngoncentrations in
lettuce, carrots and cabbage increased by 66, d2B8%, respectively, for a period
of 20 days for lettuce and 40 days for carrots eaobage. Lead concentrations in
lettuce, carrots and cabbage increased by 130nd82%, respectively, for the same
number of days as with Cd. However the amount adbhimecrement depends on the
stage of plant maturity.

Irrigation water containing elevated metal concatitn generally reduced
the yield of crops. Crop yield reduction by Cd raddpetween 10.2 and 16.4% while
reduction by Pb was between 13.7 and 43.2%, depgmuh the concentration. Thus,
the Cd and Pb concentrations of irrigation wateyatizely affect food security.
Irrigation water of high metal concentration leadsa build-up of the soil metal
concentration. As the concentration of metal in g8w@l builds up there is a
corresponding increase of metal concentration af solution. Therefore, the

concentration in the crops will increase.

5.1.4 Measured versus predicted vegetable Cd and Bbncentrations

Predicted Cd values for the tested crops gave farnigdel efficiency values
close to unity (0.911-0.953). This means the ptediwvalues using the model were
almost the same as the measured. For Pb, prediatdzhge Pb concentration was
about half the measured value. However for camats lettuce the model predicted
Pb concentrations were closer to unity than Cdtéeaamples (0.982 and 0.995

respectively).
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5.2

5.3

CONCLUSIONS

From the study the following conclusions may bawdr:
Heavy metals in irrigation water behave differerdalyd their sorption in soil
depends on soil properties like pH, organic matemtent and soil texture.
Therefore, their concentrations in applied irrigativater in the soil accessible
to plant roots are less than their concentratiorike irrigation water.
The partition coefficient approach {Kis not appropriate for predicting Cd
concentration in soil solution, but using WHAM Vloadkel it is possible to
establish a relationship between Cd concentratighsail moisture content.
As the concentrations of Cd and Pb in irrigationtexaincrease, their
concentrations in vegetables also cumulatively ease with time but the
relationship is not linear based on the concemmatif Cd and Pb used. Only
the concentration of Pb in carrots exceeds WHOmecendation for safe food
accumulations, implying carrot has affinity for éeaccumulation.
It is possible to predict the uptake of Cd and Rlvegetable crops using the
concept of transpiration pool in reference withiemvmental factors that serve

as driving force for the process of transpiration.

RECOMMENDATIONS

For this study to have positive impact on the gsafeft wastewater irrigated

vegetables (cabbage, carrots, lettuce and othdicexoes) in Ghana the following

recommendations are made:

1.

An inventory of all wastewater producing sites e@frnfiers, inputs, crops
produced, land size and tenure system and souféegyated water has to be

taken and documented.
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A study should be carried out to generate datahenvblumes of wastewater
contributed by the industrial, domestic and stortewaources from major
garages and waste dump sites to urban water bbdiag used for vegetable
irrigation.

There is the need to repeat the study on heavyl mettaminated soil where
the vegetables will be irrigated with polluted was® that soil heavy metal
contribution to plant metal uptake apart from cimition from irrigation water
may be determined.

There is a need to replicate field experiments iffel@nt ecological zones
where activities carried out generate effluenthviéavy metals as pollutants.
This will help to determine the effects of climafiactors on heavy metals
uptake by vegetables and the percentage contribufotranspiration and
irrigation water concentrations to heavy metal eahbf vegetables.

Research should be carried out to develop costiefée and low level
technology for small-scale treatment of effluents teduce metal
concentrations to safe levels for vegetable irrogat

There should be periodic measurement of heavy noetalent of vegetables
sold in the markets in the urban and the peri-udmanires.

A policy enforcement if it exists or formulation ohe where none exists to
ensure that industries whose activities producéuesfts containing heavy
metals initiate treatment of the effluents to reslutetal concentrations before

releasing such effluents into the environment.
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APPENDICES

Appendix 1: Some selected properties of experimeritaoil

Table 1: Selected soil properties

ﬁimp'e pH Og%/r(‘)'c OM,% | % SAND| %CLAY | 9% SILT
1 6.5 0.76 131 90.4 5.6 4.0
2 6.13 0.59 1.02 90.4 2.0 7.6
3 6.39 0.79 1.36 96.4 2.0 1.6
4 6.02 0.92 1.59 90.4 2.0 7.6
5 5.8 0.89 1.53 90.4 5.6 4.0
6 5.7 1.26 2.17 96.4 2.0 1.6

Table 2: Data generated from infiltration test

Time, min

=
oCD@-bI\.)

12
14
16
18
20
22
24
26
28
30
32
34
36
38
40
42
44
46
48
50
52
54
56
58
60
62
64

Depth of water infiltrated, mm

Replicate 1
100
158
209
265
QLR
361
409
457
507
556
602
647
691
733
7
818
859
899
938
977
1015
1051
1084
1121
1153
1186
1216
1247
1279
1309
1338
1366

Replicate 2

100
160
250
323
385

446

506

571

624

689

748
799
859
909
974
1019
1066
1120

1226

1284
1330
1385
1427

1523
1576
1621
1673
1733
1823
1853

126



68 1426 1896
72 1484 1949
76 1539 2003
80 1592 2048
84 1642 2096
88 1690 2143
92 1735 2188
96 1778 2231
100 1820 2275
104 1860 2319
108 1899 2361
112 1937 2401
116 1975 2442
120 2013 2472

The average terminal infiltration rate is (570.G4#%)/(2mm/h) = 558.75mm/hr.
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Appendix 2: Summary of statistical analysis using MINITAB soétre package.

CABBAGE Cd CONCENTRATION

Regression Analysis: Measured Cp versus Predicgted C
The regression equation is

Measaured Cp = 0.120 + 0.915 Predicted Cp

Predictor Coef SE Coef TP

Constant  0.11953 0.04242 2.82 1D.2
Predicted 0.91510 0.05377 17.02 30.0
S=0.03231 R-Sq=99.7% R-Sqg(adj) =99.3%

Analysis of Variance

Source DF SS MS F P
Regression 1 030242 0.30242 .&B9 0.037
Residual Error 1 0.00104 0.00104

Total 2 0.30346

The regression equation is:
Com=0.120 + 0.915

where

Com measured plant Cd concentration (mg/kg)
Cop predicted plant Cd concentration (mg/kg)
Tealc calculated T value

Ttab tabulated T value from student’s t distributiable
P probability

S standard error of the predicted draught force
R-Sq coefficient of determination

R-Sq(adj) adjusted value of coefficient of deteration
Coef constant terms in regression equation

SE Coef standard error

The regression equation relating measured plantc@utentration (mg/kg) and
predicted plant Cd concentration (mg/kg) is a gtraline. In order to investigate if
the measured plant Cd concentration is signifigadifferent from the predicted
plant Cd concentration, it is necessary to assuitially that there is no difference
between the two variables. Thus the coefficient tbé predicted plant Cd

concentration is assumed to be equal to 1.

Ho null hypothesis
H, alternative hypothesis
B coefficient (0.915) of the predicted plant Cd cemication

Sp standard error of th@

128



Hypotheses:
Ho: L =1 The coefficient of the predicted plant Cd concatin is equal to 1

H,: B #1 The coefficient of the predicted plant Cd concatndin is equal not to

1
Test Statistic (Student’s t-test):

_ 0915-1
@ 0.05377

t =-158
Rejection Criteria:
Reject B if [to| >ty

Fail to rejectH , if [te| < tw,

The Test
From the calculation4. = -.158 and from t-distribution tableg,t 12.706

i.€. [tee <tw OF [158<12706
Therefore, do not rejectH

Conclusion
There is no significant difference between the mess plant Cd concentration and
the predicted plant Cd concentration.

In order to investigate if the intercept of the megsion equation (0.120) is

significantly different from O (i.e. if the regrésn line passes through the origin) it is
necessary to assume initially that there is naedbffice between the intercept (0.120)
of the plant Cd concentration regression equatmh the origin. Thus the intercept

can be assumed to be 0.

Let

Ho null hypothesis

Hiy alternative hypothesis

0 coefficient (0.120) of the predicted plant Cd cemication

S, standard error of the

Hypotheses:
Ho: a =0 The coefficient of the predicted plant Cd concatndn is equal to 0
Hi: a # 0 The coefficient of the predicted plant Cd concatidn is not equal O

Test Statistic (Student’s t-test):
_a-0

t, ===

calc
Sa

_0.120-0
@ 0.04242
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tca|c = 2.83
Rejection Criteria:

Reject H if [t >t
Fail to reject Hif [t <t
The Test

From the calculation4. = 2.83 and from t-distribution tableg,t 12.706
i.€. [te| <t Or |283<12706
Therefore, do not rejectH

Conclusion

There is no significant difference between thercept of the regression equation
(0.120) relating measured and predicted plant Geceatration and 0. This means
that the regression line passes through the origin.

CARROT Cd CONCENTRATION

Regression Analysis: Measured Cp versus Prediged C
The regression equation is

Measaured Cp = 0.144 + 0.872 Predicted Cp

Predictor Coef SE Coef TP
Constant 0.1436  0.1096 1.31 19.4
Predicted 0.8717 0.1544 5.6411D.
S=0.1050 R-Sq=97.0% R-Sg(adj) =93.9%

Analysis of Variance

Source DF SS MS F P
Regression 1 0.35130 0.35130 .81 0.112
Residual Error 1 0.01103 0.01103

Total ZUR36 238

The regression equation is:
Com = 0.144 + 0.872

where

Com measured plant Cd concentration (mg/kg)
Cop predicted plant Cd concentration (mg/kg)
Tecalc calculated T value

Ttab tabulated T value from student’s t distributiable
P probability

S standard error of the predicted draught force
R-Sq coefficient of determination

R-Sq(adj) adjusted value of coefficient of deteration
Coef constant terms in regression equation

SE Coef standard error

The regression equation relating measured plantc@utentration (mg/kg) and
predicted plant Cd concentration (mg/kg) is a gtraline. In order to investigate if
the measured plant Cd concentration is signifigadifferent from the predicted
plant Cd concentration, it is necessary to assuitially that there is no difference
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between the two variables. Thus the coefficient tbé predicted plant Cd
concentration is assumed to be equal to 1.

Let

Ho null hypothesis

Hi alternative hypothesis

B coefficient (0.872) of the predicted plant Cd cemtcation

Sy standard error of th@

Hypotheses:
Ho: B =1 The coefficient of the predicted plant Cd concatidn is equal to 1

H,: [ #1 The coefficient of the predicted plant Cd concatintn is equal not to
1

Test Statistic (Student’s t-test):

i, =£"t

calc
Sp

_0872-1

@ 0.1544

t =-0829
Rejection Criteria:
Reject H if [t >t

Fail to rejectH,, if [t .| <t

The Test
From the calculation4 = -0.829 and from t-distribution tablegyt 12.706

i.€. [toy| <t OF [0.829<12.706

Therefore, do not rejectH

Conclusion
There is no significant difference between the mess plant Cd concentration and
the predicted plant Cd concentration.

In order to investigate if the intercept of the resgion equation (0.144) is

significantly different from O (i.e. if the regrasn line passes through the origin) it is
necessary to assume initially that there is ncedkffice between the intercept (0.144)
of the plant Cd concentration regression equatiwh the origin. Thus the intercept

can be assumed to be 0.

Ho null hypothesis

Hi alternative hypothesis

0 coefficient (0.144) of the predicted plant Cd cemication
S standard error of the
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Hypotheses:
Ho: a =0 The coefficient of the predicted plant Cd concatidn is equal to O
Hi: a #0 The coefficient of the predicted plant Cd concatidn is not equal O
Test Statistic (Student’s t-test):

a-0

calc
Sa

_ 0.144-0

@ 01096

t

tca|c = 1.314
Rejection Criteria:

Reject H if [t >t
Fail to reject Hif [t.| <tg,
The Test

calc

From the calculation4.= 1.314 and from t-distribution tableg,t 12.706
€. [t <tw OF [1.314<12706

calc

Therefore, do not rejectH

Conclusion

There is no significant difference between theroept of the regression equation
(0.144) relating measured and predicted plant Geceotration and 0. This means
that the regression line passes through the origin.

LETTUCE Cd CONCENTRATION

Regression Analysis: Measured Cp versus Prediged C
The regression equation is

Measured Cp = 0.127 + 0.915 Predicted Cp

Predictor Coef SE Coef 1" P

Constant 0.1267  0.1157 1.09 70.4
Predicted 0.9153  0.1500 6.10108.
S=0.1156 R-SqQ=97.4% R-Sq(adj) =94.8%
Analysis of Variance

Source DF 25 MS_F P
Regression 1 0.49735 0.49735 .287 0.103
Residual Error 1 0.01336 0.01336

Total 2 0.51071

The regression equation is:

Com = 0.127 + 0.915 ¢

where

Cpm measured plant Cd concentration (mg/kg)

Cop predicted plant Cd concentration (mg/kg)

Tealc calculated T value

Ttab tabulated T value from student’s t distributiohl¢a
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P probability

S standard error of the predicted draught force
R-Sq coefficient of determination

R-Sq(adj) adjusted value of coefficient of deteration
Coef constant terms in regression equation

SE Coef standard error

The regression equation relating measured plantc@utentration (mg/kg) and
predicted plant Cd concentration (mg/kg) is a gtraline. In order to investigate if
the measured plant Cd concentration is signifigadtfferent from the predicted
plant Cd concentration, it is necessary to assunti@lly that there is no difference
between the two variables. Thus the coefficient bé tpredicted plant Cd
concentration is assumed to be equal to 1.

Ho null hypothesis
Hi alternative hypothesis
Y4 coefficient (0.915) of the predicted plant Cd cemication

Sp standard error of th@

Hypotheses:
Ho: L =1 The coefficient of the predicted plant Cd concatndn is equal to 1

H,: [ #1 The coefficient of the predicted plant Cd concatidin is equal not to
1

Test Statistic (Student’s t-test):
_B-1

calc Slg
~09153-1

e 0.15

t =-0.5647

cal

t

Rejection Criteria:
Reject K if |ty >ty
Fail to rejectH, if [t < te,

The Test
From the calculation.4. = -0.5647 and from t-distribution tableg, £ 12.706

i.€. [toye| <t OF [05647<12.706

Therefore, do not rejectH
Conclusion

There is no significant difference between the mess plant Cd concentration and
the predicted plant Cd concentration.
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In order to investigate if the intercept of the resgion equation (0.120) is

significantly different from O (i.e. if the regrasn line passes through the origin) it is
necessary to assume initially that there is nceckffice between the intercept (0.120)
of the plant Cd concentration regression equatimhthe origin. Thus the intercept

can be assumed to be 0.

Ho null hypothesis

Hiy alternative hypothesis

0 coefficient (0.120) of the predicted plant Cd cemication
S standard error of the

Hypotheses:
Ho: a =0 The coefficient of the predicted plant Cd concatndn is equal to 0
Ha: a #0 The coefficient of the predicted plant Cd concatndn is not equal O

Test Statistic (Student’s t-test):

tcalc = a _O
Sﬂ
_0.1267-0
@™ 01157
tca|c = 1095

Rejection Criteria:

Reject K if [t >t
Fail to reject Hif [t <t
The Test

From the calculation = 1.095 and from t-distribution tablegyt 12.706
i.e. |tca,c\ <t,, or |1.09E}<12.706

Therefore, do not rejectH

Conclusion

There is no significant difference between theroept of the regression equation
(0.127) relating measured and predicted plant Geceotration and 0. This means
that the regression line passes through the origin.

CABBAGE Pb CONCENTRATION

Regression Analysis: Measured Cp versus Prediged C
The regression equation is

Measaured Cp = 0.228 + 0.992 Predicted Cp

Predictor Coef SE Coef T P
Constant  0.22765 0.07799 2.92 10.2
Predicted 0.9923  0.1393 7.12089.
S=0.07901 R-Sq=98.1% R-Sqg(adj) =96.1%
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Analysis of Variance

Source DF SS MS F P
Regression 1 0.31691 0.31691 .760 0.089
Residual Error 1 0.00624 0.00624

Total 2 0.32315

The regression equation is:
Com = 0.228 + 0.992¢

where

Com measured plant Pb concentration (mg/kg)
Cop predicted plant Pb concentration (mg/kg)
Tealc calculated T value

Ttab tabulated T value from student’s t distributiable
P probability

S standard error of the predicted draught force
R-Sq coefficient of determination

R-Sq(adj) adjusted value of coefficient of deteration
Coef constant terms in regression equation

SE Coef standard error

The regression equation relating measured plantcéirentration (mg/kg) and
predicted plant Pb concentration (mg/kg) is a gtraline. In order to investigate if
the measured plant Pb concentration is signifigadifferent from the predicted
plant Pb concentration, it is necessary to assumitially that there is no difference
between the two variables. Thus the coefficient toé predicted plant Pb
concentration is assumed to be equal to 1.

Ho null hypothesis
Hy alternative hypothesis
B coefficient (0.915) of the predicted plant Pb camtcation

Sp standard error of th@

Hypotheses:
Ho: £ =1 The coefficient of the predicted plant Pb concaiin is equal to 1

H,: B #1 The coefficient of the predicted plant Pb concatidn is equal not to

1
Test Statistic (Student’s t-test):
tcalc = E_
Sp
_09923-1
@ 01393
t =-0.0553

calc

Rejection Criteria:
Reject H if [t >t
Fail to rejectH if [te| < te,
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The Test
From the calculation.4 = -.158 and from t-distribution tableg,t 12.706

i.€. [tee| <tw, Or [0.0553<12.706
Therefore, do not rejectH

Conclusion
There is no significant difference between the mes=s$ plant Pb concentration and
the predicted plant Pb concentration.

In order to investigate if the intercept of the ression equation (0.228) is

significantly different from O (i.e. if the regress line passes through the origin) it is
necessary to assume initially that there is needsifice between the intercept (0.120)
of the plant Pb concentration regression equatiahthe origin. Thus the intercept

can be assumed to be 0.

Ho null hypothesis

Hi1 alternative hypothesis

O coefficient (0.120) of the predicted plant Pb camication
S standard error of the

Hypotheses:

Ho: a =0 The coefficient of the predicted plant Pb concatidn is equal to O
Ha: a #0 The coefficient of the predicted plant Pb concaidn is not equal 0
Test Statistic (Student’s t-test):

tcalc = a__o
Sa
0227650
@c  0.07799
tca|c = 2.919

Rejection Criteria:
Reject K if [t >ty

Fail to reject Hif [te| <tw,

calc

The Test
From the calculation4.=2.919 and from t-distribution tableg,t 12.706

i.€. [tee| <tw, Or [2919<12.706
Therefore, do not rejectH

Conclusion

There is no significant difference between therc#pt of the regression equation
(0.228) relating measured and predicted plant Rizextration and 0. This means
that the regression line passes through the origin.

136



CARROT Pb CONCENTRATION

Regression Analysis: Measured Cp versus Predigbed C
The regression equation is

Measured Cp = 0.642 + 1.13 Predicted Cp

Predictor Coef SE Coef T P
Constant 0.6425 0.6330 1.02 99.4
Predicted 1.1338 0.1830 6.19100.
S=0.6736 R-Sq=97.5% R-Sqg(adj) = 94.9%

Analysis of Variance

Source DF SS MS F P
Regression 1 17412 17.412 .3B8 0.102
Residual Error 1 0.454 0.454

Total 2 17.866

The regression equation is:
Com = 0.642 +1.13386

where

Com measured plant Pb concentration (mg/kg)
Cop predicted plant Pb concentration (mg/kg)
Tealc calculated T value

Ttab tabulated T value from student’s t distributiohléa
P probability

S standard error of the predicted draught force
R-Sq coefficient of determination

R-Sq(adj) adjusted value of coefficient of deteration
Coef constant terms in regression equation

SE Coef standard error

The regression equation relating measured plantcéticentration (mg/kg) and
predicted plant Pb concentration (mg/kg) is a ghialine. In order to investigate if
the measured plant Pb concentration is signifigadifferent from the predicted
plant Pb concentration, it is necessary to assunitielly that there is no difference
between the two variables. Thus the coefficient tbé predicted plant Pb
concentration is assumed to be equal to 1.

Ho null hypothesis
Hi1 alternative hypothesis
Y4 coefficient (0.915) of the predicted plant Pb camication

Sp standard error of th@

Hypotheses:
Ho: L =1 The coefficient of the predicted plant Pb concatitn is equal to 1

H,: B #1 The coefficient of the predicted plant Pb concatidn is equal not to
1
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Test Statistic (Student’s t-test):

tcalc et E_
Sp
_11338-1
@c 01830
t, =0731

Rejection Criteria:
Reject H if [t | >t

Fail to rejectH, if [t <tg,

calc

The Test
From the calculation4.= 0.731 and from t-distribution tableg,t 12.706

i.€. [tee| <t or [0.731<12706

Therefore, do not rejectH

Conclusion
There is no significant difference between the mes=$ plant Pb concentration and
the predicted plant Pb concentration.

In order to investigate if the intercept of the ression equation (0.642) is

significantly different from O (i.e. if the regress line passes through the origin) it is
necessary to assume initially that there is neetbifice between the intercept (0.642)
of the plant Pb concentration regression equati@hthe origin. Thus the intercept

can be assumed to be 0.

Ho null hypothesis

Hi1 alternative hypothesis

O coefficient (0.120) of the predicted plant Pb camication
S standard error of the

Hypotheses:
Ho: a =0 The coefficient of the predicted plant Pb concaidn is equal to 0
Hi: a # 0 The coefficient of the predicted plant Pb concatidn is not equal O

Test Statistic (Student’s t-test):

tcalc = a__o
SCI
_ 0.6425-0
@ 0.6330
tca|c = 1.015
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Rejection Criteria:
Reject H if [t >t
Fail to reject Hif [t <tg,

calc

The Test
From the calculation= 1.015 and from t-distribution tablegpyt 12.706

i.€. [tee| <t Or [1.015<12.706

Therefore, do not rejectH

Conclusions

There is no significant difference between thercept of the regression equation
(0.642) relating measured and predicted plant Rizextration and 0. This means
that the regression line passes through the origin.

LETTUCE Pb CONCENTRATION

Regression Analysis: Measured Cp versus Predigbed C
The regression equation is

Measured Cp = 2.14 + 0.993 Predicted Cp

Predictor Coef SE Coef T P
Constant 2.1367 0.4760 4.49 40.1
Predicted 0.993341 0.006791 146.2804.

S =0.4800 R-Sq =100.0% R-Sqg(adj) = 100.0%

Analysis of Variance

Source DF SS MS F P
Regression 1 49293 4929.3 21398.0.004
Residual Error 1 0.2 0.2

Total 2 49295

The regression equation is:
Com = 2.1367 + 0.99334%

where

Com measured plant Pb concentration (mg/kg)
Cop predicted plant Pb concentration (mg/kg)
Tealc calculated T value

Ttab tabulated T value from student’s t distributiobléa
P probability

S standard error of the predicted draught force
R-Sq coefficient of determination

R-Sq(adj) adjusted value of coefficient of deteration
Coef constant terms in regression equation

SE Coef standard error

The regression equation relating measured plantcéirentration (mg/kg) and
predicted plant Pb concentration (mg/kg) is a gtraline. In order to investigate if
the measured plant Pb concentration is signifigadifferent from the predicted
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plant Pb concentration, it is necessary to assumitially that there is no difference
between the two variables. Thus the coefficient tbé predicted plant Pb
concentration is assumed to be equal to 1.

Ho null hypothesis
Hiy alternative hypothesis
B coefficient (0.915) of the predicted plant Pb camtcation

Sp standard error of th@

Hypotheses:
Ho: L =1 The coefficient of the predicted plant Pb concaiin is equal to 1

H,: B #1 The coefficient of the predicted plant Pb concatidn is equal not to
1

Test Statistic (Student’s t-test):

i =871

calc
Sp

0.99334-1
@ 0.006791
t =-0.9810553

calc

Rejection Criteria:
Reject H if [t | >t

Fail to rejectH if [ty < te

calc
The Test
From the calculation4 = -0.981 and from t-distribution tablegyt 12.706

€. [tee| <tw, Or [0.981<12706
Therefore, do not rejectH

Conclusion
There is no significant difference between the mes$ plant Pb concentration and
the predicted plant Pb concentration.

In order to investigate if the intercept of the resgion equation (2.1367) is
significantly different from O (i.e. if the regrasa line passes through the origin) it is
necessary to assume initially that there is noetifice between the intercept
(2.1367) of the plant Pb concentration regressipuagon and the origin. Thus the
intercept can be assumed to be O.

Ho null hypothesis

Hiy alternative hypothesis

0 coefficient (2.1367) of the predicted plant Pb @amtration
S standard error of the
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Hypotheses:
Ho: a =0 The coefficient of the predicted plant Pb concaign is equal to O
Ha: a #0 The coefficient of the predicted plant Pb concaidn is not equal O

Test Statistic (Student’s t-test):

tcalc = a—_o
Sﬂ
_ 21367-0
@ 0.4760
tcac = 4.89

Rejection Criteria:
Reject H if [t | >t
Fail to reject H if |t

calc
calc‘ < ttab

The Test
From the calculation 4. = 4.89 and from t-distribution tablegyt= 12.706

i.€. [to| <t Or [489<12.706

Therefore, do not rejectH

Conclusion

There is no significant difference between theroept of the regression equation
(2.1367) relating measured and predicted plantd?zentration and 0. This means
that the regression line passes through the origin.
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Appendix 3: Statistical analysis of plant samples ata using SAS statistical
software package.

Two metals (cadmium (Cd) and lead (Pb)), and tiptaat species (cabbage, carrot,
and lettuce), were investigated to find the mefathke by plants. There are three
treatments: metal concentration 1, metal conceatra?, and control (water). The
samples were collected at three different times.

For different metal, the ability of plant uptakedigferent. So a linear model is built
for each of metal

Y=atax tax,tax,+o
where, Y is the metal concentration in plamtis the intercept, Xis the effect of

plant, X% is the effect of time, X is the effect of metal is the error, with
normatoncentration in the irrigation water, asddistribution N(0,a").

For metal cadmium (Cd):
The results show that only the effect of metal emiation in water is
significant ata=0.05 level (p-value < 0.0001 < 0.05).

The results from GLM (general linear model) procedue in SAS

Source DF Squares Mep F Value Pr>F
square
Model 6 2.16 0.36 9.69 <.0001
Error 20 0.74 0.04
Corrected 26 2.9
Total
R-Square Coeff Var Root MSE Plant Mean
0.74 31.96 0.19 0.60
Summary of statistics for Cd treatment
Source DF Type ISS pesl] F Value Pr>F
square
Plant 2 0.03 0.015 0.41 0.67
Time 2 0.16 0.078 2.11 0.15
Metal water| 2 1.97 0.99 26.56 < 0.0001

For lead (Pd):
The results show that only the effect of plant th05 level (p-value = 0.013Rvater
is significant at < 0.05).
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The results from GLM (general linear model) proaedn SAS

Source DF Squares Mean F Value Pr>F
square
Model 6 60463.5 10077.3 2.96 0.031
Error 20 68024.3 3401.2
Corrected 26 128487.8
Total
R-Square Coeff Val Root MSE Plant Mean
0.47 199.125 58.32 29.29
Table 6: Summary of statistics for Pb treatment
Source DF Type ISS Mgah F Value Pr>F
square
Plant 2 36476.60 | 18238.30 5.36 0.014
Time 2 12848.51 6424.26 1.89 0.18
Metal water 2 11138.39 5569.20 1.64 0.22

From the above results, the effect of plant andaim&incentration are not the same

for two metals.

Table 7: Application rates of Cd and Pb through irrigation water

Irrigation Water
Cd Pb
Crop Ve 0.05 mg/L 0.1 mg/L 30 mg/L 50 mg/L
Application Rates (mg/kg)
Lettuce 20 o) 6.6 1964 3274
40 5.9 11.8 3536 5893
56 7.5 15 4518 7530
Cabbage 40 5.8 11.8 3536 5893
70 8.8 17°% 5304 8839
100 10.8 21.6 6482 10827
Carrots 40 6.2 124 3732 6220
70 8.2 16.4 4911 8185
100 9.5 19.0 5696 9494
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Appendix 4: Regression analysis of model data or seilts
Regression

Warnings

The chart: *sdresid by *zpred is not produced because it is empty.

Variables Entered/Removed P

Variables Variables
Model Entered Removed Method
1 CBAVCP 2 . Enter

a. All requested variables entered.

b. Dependent Variable: CBCP

Model Summary P

Adjusted R Std. Error of
Model R R Square Square the Estimate

1 .990% .981 962 [F——

a. predictors: (Constant), CBAVCP

b. Dependent Variable: CBCP

ANOVAD
Model Sum of Squares df Mean Square F Sig.
1 Regression 414 1 414 51.750 .088%
Residual .008 q. .008
Total 422 2
a. Predictors: (Constant), CBAVCP
b. Dependent Variable: CBCP
Coefficients 2
Unstandardized Standardized
Coefficients Coefficients
Model B Std. Error Beta t Sig.
1 (Constant) -.270 135 -1.997 .296
CBAVCP 1.169 .162 .990 7.194 .088
a. Dependent Variable: CBCP
Residuals Statistics 2
Minimum Maximum Mean Std. Deviation

Predicted Value ikt 3
Std. Predicted Value -1.088 .878 .000 1.000 3
Standard Error of . 3
Predicted Value
Adjusted Predicted Value Fckikikdkk 3
Residual P— 3
Std. Residual -.530 .803 .000 .707 3
Stud. Residual -1.000 1.000 -.333 1.155 3
Deleted Residual kekckkok 3
Stud. Deleted Residual 0
Mahal. Distance .044 1.185 .667 577 3
Cook's Distance .276 6.234 2.596 3.190 3
Centered Leverage Value .022 .592 .333 .289 3

a. Dependent Variable: CBCP
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Cp (cal) vrs avCp(mg) for Cd-Cabbage
1.0 o
.81 o
.64
o
O
m
(@]
41
.24
o
0.0
2 4 6 8 1.0 1.2
CBAVCP
Warnings
The chart: *sdresid by *zpred is not produced because it is empty.
Variables Entered/Removed P
Variables Variables
Model Entered Removed Method
1 CAAVCP 2 . Enter
a. All requested variables entered.
b. Dependent Variable: CACP
Model Summary P
Adjusted R Std. Error of
Model R R Square Square the Estimate
1 9412 .885 770 it
a. pPredictors: (Constant), CAAVCP
b. Dependent Variable: CACP
ANOVAD
Model Sum of Squares df Mean Square F Sig.
1 Regression .340 1 .340 7.714 2202
Residual .044 1 .044
Total .384 2

a. Predictors: (Constant), CAAVCP
b. Dependent Variable: CACP
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Coefficients

Unstandardized Standardized
Coefficients Coefficients
Model Std. Error Beta t Sig.
1 (Constant) -4.093E-02 .260 -.158 .901
CAAVCP .968 .349 .941 2.777 .220
a. Dependent Variable: CACP
Residuals Statistics 2
Minimum Maximum Mean Std. Deviation N
PredlCled Value *kkkkkkhkk *hkkkkkkkk *kkkkkkhkk *hkkkkkkkkkk 3
Std. Predicted Value -1.123 794 .000 1.000 3
Standard Error Of kkkkkkkhkk Fhkkkkkkkk *kkkkkhkk *hkkkkkkkkkk 3
Predicted Value
Ad]usted PredlCled Value *kkkkkhkk Khkkkkkkkk *kkkkkkhkk Fhkkkkkkkkkk 3
ReSIdUa| hkkkkkkkkk Kkkkkkkkk kkkkkkkkk Kkkkkkkkkkk 3
Std. Residual -.593 .783 .000 707 3
Stud. Residual -1.000 1.000 -.333 1.155 3
Deleted ReSIdUa| hkkkkkkkkk Kkkkkkkkkkk 3
Stud. Deleted Residual 0
Mahal. Distance .108 1.261 .667 577 3
Cook's Distance .316 13.363 4.867 7.364 3
Centered Leverage Value .054 .631 .333 .289 3
a. Dependent Variable: CACP
Cp (cal) vrs avCp(mg) for Cd-Carrot
1.0
o
81 o
.64
o
(@)
<
(@)
44
.24
0.0
0.0 .6 .8 1.0 1.2
CAAVCP
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Warnings

The chart: *sdresid by *zpred is not produced because it is empty.

Variables Entered/Removed P

Variables Variables
Model Entered Removed Method
1 LEAVCP 2 . Enter

a. All requested variables entered.

b. Dependent Variable: LECP

Model Summary b

Adjusted R Std. Error of
Model R R Square Square the Estimate

1 .976% .953 907 e——

a. predictors: (Constant), LEAVCP

b. Dependent Variable: LECP

ANOVAP
Model Sum of Squares df Mean Square F Sig.
1 Regression 408 i 408 20.492 .138%
Residual .020 1 .020
Total 428 2
a. predictors: (Constant), LEAVCP
b. Dependent Variable: LECP
Coefficients 2
Unstandardized Standardized
Coefficients Coefficients
Model B Std. Error Beta t Sig.
1 (Constant) -1.412E-02 161 -.088 .944
LEAVCP .894 .198 .976 4.527 .138
a. pependent Variable: LECP
Residuals Statistics 2
Minimum Maximum Mean Std. Deviation N
Predicted Value ik ik 3
Std. Predicted Value -1.153 .630 .000 1.000 3
Standard Error of . 3
Predicted Value
Adjusted Predicted Value Fkkkkkkok 3
Residual [r— 3
Std. Residual -.728 .684 .000 707 3
Stud. Residual -1.000 1.000 .333 1.155 3
Deleted Residual ek kokokkekok 3
Stud. Deleted Residual 0
Mahal. Distance .274 1.330 .667 577 3
Cook's Distance 444 262.210 87.741 151.095 3
Centered Leverage Value 137 .665 .333 .289 3

a. Dependent Variable: LECP
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Cp (cal) vrs avCp(mg) for Cd-lettuce
1.24
1.04 o
.81
o
S
m 6
-
44
.24
0.0
0.0 2 4 .6 .8 1.0 1.2
LEAVCP
Warnings
The chart: *sdresid by *zpred is not produced because it is empty.
Variables Entered/Removed P
Variables Variables
Model Entered Removed Method
1 PBCBVCP ? . Enter
a. All requested variables entered.
b. Dependent Variable: PBCBCP
Model Summary P
Adjusted R Std. Error of
Model R R Square Square the Estimate
1 .980% .960 .919
a. predictors: (Constant), PBCBVCP
b. Dependent Variable: PBCBCP
ANOVAD
Model Sum of Squares df Mean Square F Sig.
1 Regression 192 1 192 23.832 1292
Residual .008 1 .008
Total .200 2

a. Predictors: (Constant), PBCBVCP
b. Dependent Variable: PBCBCP
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Coefficients 2

Unstandardized

Standardized

Coefficients Coefficients
Model B Std. Error Beta t Sig.
1 (Constant) -1.834E-02 119 -.154 .903
PBCBVCP 771 .158 .980 4.882 129
a. Dependent Variable: PBCBCP
Residuals Statistics 2
Minimum Maximum Mean Std. Deviation N
Pl’edlcled Value *kkkkkkhkk *hkkkkkkkk *kkkkkhkk Khkkkkkkkkkk 3
Std. Predicted Value -1.150 .663 .000 1.000 3
Standard Error Of kkkkkkkhkk Fhkkkkkkk Fkkkkkkhkk *hkkkkkkkkkk 3
Predicted Value
Ad]usted Pl’edICled Value *kkkkkkkkk Fhkkkkkkkk *kkkkkhkk *hkkkkkkkkkk 3
ReSIdUa| kkkkkkkkkk Kkkkkkkkk kkkkkkkkk Kkkkkkkkkkk 3
Std. Residual -.740 .668 .000 707 3
Stud. Residual -1.000 1.000 .333 1.155 3
Deleted RESIdUa| kkkkkkkkkk Kkkkkkkkk kkkkkkkkk Kkkkkkkkkkk 3
Stud. Deleted Residual 0
Mahal. Distance .237 1.323 .667 577 3
Cook's Distance 412 95.656 32.229 54.929 3
Centered Leverage Value .118 .661 .333 .289 3
a. Dependent Variable: PBCBCP
Cp (cal) vrs avCp(mg) for Pb-Cabbage
.87
o
.74
.61 a
S s
m
R
@ 4
.34
.24
1
2 4 6 8 1.0
PBCBVCP
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Warnings

The chart: *sdresid by *zpred is not produced because it is empty.

Variables Entered/Removed P

Variables Variables
Model Entered Removed Method
1 PBCAVCP ? . Enter

a. All requested variables entered.

b. Dependent Variable: PBCACP

Model Summary b

Adjusted R Std. Error of
Model R R Square Square the Estimate

1 .984a .967 .935 kxR AR AR

a. predictors: (Constant), PBCAVCP

b. Dependent Variable: PBCACP

ANOVAP
Model Sum of Squares df Mean Square F Sig.
1 Regression 11.995 L 11.995 29.561 1162
Residual .406 1 406
Total 12.400 2
2. predictors: (Constant), PBCAVCP
b. Dependent Variable: PBCACP.
Coefficients 2
Unstandardized Standardized
Coefficients Coefficients
Model B Std. Error Beta t Sig.
1 (Constant) -.260 672 -.387 .765
PBCAVCP .819 51 .984 5.437 .116
2. Dependent Variable: PBCACP
Residuals Statistics 2
Minimum Maximum Mean Std. Deviation N
Predicted Value ik ik 3
Std. Predicted Value -1.107 .838 .000 1.000 3
Standard Error of . 3
Predicted Value
Adjusted Predicted Value Fhkkk ko 3
Residual [r— 3
Std. Residual -.794 .562 .000 707 3
Stud. Residual -1.000 1.000 .333 1.155 3
Deleted Residual ek kokokkekok 3
Stud. Deleted Residual 0
Mahal. Distance .072 1.225 .667 577 3
Cook's Distance .293 8.773 3.383 4.684 3
Centered Leverage Value .036 .613 .333 .289 3

a. Dependent Variable: PBCACP
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Cp (cal) vrs avCp(mg) for Pb-Carrots
6.
o
5.
4.
o
2
O 31 o
m
o
24
1.
0 o
0 1 2 3 4 5 6 7
PBCAVCP
Warnings
The chart: *sdresid by *zpred is not produced because it is empty.
Variables Entered/Removed P
Variables Variables
Model Entered Removed Method
1 PBLEAVCP 2 . Enter
a. All requested variables entered.
b. Dependent Variable: PBLECP
Model Summary P
Adjusted R Std. Error of
Model R R Square Square the Estimate
1 .994% .988 976
a. predictors: (Constant), PBLEAVCP
b. Dependent Variable: PBLECP
ANOVAD
Model Sum of Squares df Mean Square F Sig.
1 Regression 15723.975 1 15723.975 83.746 0692
Residual 187.759 1 187.759
Total 15911.734 2
a. Predictors: (Constant), PBLEAVCP
b. pependent Variable: PBLECP
Coefficients 2
Unstandardized Standardized
Coefficients Coefficients
Model B Std. Error Beta t Sig.
1 (Constant) -1.777 13.930 -.128 919
PBLEAVCP 1.786 .195 .994 9.151 .069

a. Dependent Variable: PBLECP
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Residuals Statistics 2

Minimum Maximum Mean Std. Deviation

Predicted Value r— — r— —— 3
Std. Predicted Value -1.138 .738 .000 1.000 3
s"andard Error Of Fkkkkkkkk Fokkkkkkkk Fkkkkkkkk Fokkkkkkkkkk 3
Predicted Value

Adjusted Predicted Value — f— — A —— 3
Residual F— —— — [PE— 3
Std. Residual -.628 .766 .000 707 3
Stud. Residual -1.000 1.000 -.333 1.155 3
Deleted Residual — —— F— [P— 3
Stud. Deleted Residual 0
Mahal. Distance .160 1.295 .667 577 3
Cook's Distance .352 25.698 8.940 14.515 3
Centered Leverage Value .080 .648 .333 .289 3

a. Dependent Variable: PBLECP

Cp (cal) vrs avCp(mg) for Pb-lettuce
2004
o
100+
0
o
O
L
-
E -100 J : | .
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PBLEAVCP
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Appendix 5: Anova analysis of model data using Getet

Genstat 5 Release 3.2 (PC/Windows NT) 7 September 2006 17:10:27
Copyright 1995, Lawes Agricultural Trust (RothanusExperimental Station)

Genstat 5 Second Edition (for V\wd)
Genstat 5 Procedure Library Rege3{3] (PL9)

Identifier Minimum  Mean Maximum WMa&s Missing
reps 1.000 2.000 3.000 27 0

Identifier Minimum  Mean Maximum Vas Missing
fact._A_ 1.000 2.000 3.000 27 0

Identifier Minimum  Mean Maximum \gds Missing
Fact _B_ 1.000 2.000 3.000 27 0

Identifier Minimum  Mean Maximum \eds Missing
Cd_Cabba 0.0165 0.5702 1.925027 0

Identifier Minimum  Mean Maximum \as Missing
Cd_carro 0.0066 0.6490 1.3508 27 0

Identifier Minimum  Mean Maximum \as Missing
Cd_Lettu 0.0132 0.5892 2.1956 27 0

Identifier Values Missing Levels
reps oy 0 3

Identifier Values Missing Levels
fact A 27 0 3

Identifier Values Missing Levels
Fact_ B_ 207 0 3

Identifier Minimum  Mean Maximum \gs Missing
Cd_carro 0.0066 0.6490 1.3508 27 0

Identifier Minimum  Mean Maximum \es Missing
Cd_Cabba 0.0165 0.5702 1.925027 0

*Rxx Analysis of variance *****

Variate: Cd_Cabba

Source of variation  d.f. S.S. m.s.r. Fpr.
reps stratum 2 1.72935 0.864@733
reps.fact A _stratum

fact__A_ 2 0.76144 0.3807247 0.333
Residual 4 1.03761 0.2594007
reps.fact A .Fact B stratum

Fact__B_ 2 196073 0.98031.59 0.002
fact A .Fact _B_ 4 0.09449 0.02362 01886
Residual 12 1.01507 0.08459

Total 26 6.59869
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* MESSAGE: the following units have large residuals.
reps 2.00 fact A 1.00 Fact _B_1.00 68.4s.e. 0.194
reps 2.00 fact A 1.00 Fact_B_3.00 00.5s.e. 0.194
*ekk Tables of means *****
Variate: Cd_Cabba
Grand mean 0.570
fact A 1.00 2.00 3.00
0.585 0.358 0.768
Fact_ B 1.00 2.00 3.00
0.229 0.594 0.888
fact A Fact_ B 1.00 2.00 3.00

1.00 0.250 0.543 0.961
2.00 0.093 0.389 0.592
3.00 0.344 0.850 1.111
*** Standard errors of means ***
Table fact A Fact B fact A_
Fact B
rep. 9 9 3
e.s.e. 0.1698 0.0969 0.2182
d.f. 4 12 56.
Except when comparing means with the same level(s)
fact A 0.1679
d.f. 12
*** Standard errors of differences of means ***
Table faet—IC SEatt L BON fagl A _
Fact B _
rep. 9 9 3
s.e.d. 0.2401 0.1371  0.3086
d.f. 4 12 9.56
Except when comparing means with the same level(s)
fact A 0.2375
d.f. 12
*** east significant differences of means ***
able fact A Fact B_ fact A _
Fact B
rep. 9 9 3
l.s.d. 0.6666  0.2987 0.6919
d.f. 4 12 9.56
Except when comparing means with the same level(s)
fact A 0.5174
d.f. 21

***xk Stratum standard errors and coefficients aination *****
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Variate: Cd_Cabba

Stratum d.f. s.e. cv%
reps 2 0.3100 54.4
reps.fact__A_ 4 0.2941 51.6

reps.fact A .Fact B 12 0.2908 51.0
*rxex Analysis of variance *****

Variate: Cd_Lettu

Source of variation  d.f. S.S. m.s.r. Fpr.

reps stratum 2 1.1003 0.5504.99
reps.fact__A_ stratum

fact A 2 0.2439 0.1228.32 0.141
Residual 4 0.1468 0.036715
reps.fact A .Fact B stratum

Fact B 2 2.0692 1.034631 0.039
fact A .Fact B_ 4 05516 0.131®58 0.686
Residual 12 2.8778 0.2398

Total 26  6.9897

* MESSAGE: the following units have large residuals.
reps 2.00 fact A 2.00 Fact B 2.00 856. s.e.0.326
**xk% Tables of means *****
Variate: Cd_Lettu
Grand mean 0.589
fact A 1.00 2.00 3.00
0.471 0.593 0.704
Fact_ B 1.00 2.00 3.00
0.208 0.858 0.701

fact A Fact B 1.00 2.00 3.00

1.00 0.263 0.602 0.548
2.00 0.241 1.004 0.534
3.00 0.121 0.968 1.022
** Standard errors of means ***
Table fact A Fact B _ fact A
Fact B
rep. 9 9 3
e.s.e. 0.0639 0.1632  0.2395
d.f. 4 12 13.67
Except when comparing means with the same level(s)
fact A 0.2827
d.f. 12
*** Standard errors of differences of means ***
Table fact A Fact B fact A_
Fact B
rep. 9 9 3
s.e.d. 0.0903 0.2309 0.3387
d.f. 4 12 13.67

Except when comparing means with the same level(s)
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fact_ A 0.3999

d.f. 12

*** |east significant differences of means ***

Table fact A Fact_B_ fact A_
Fact__B_

rep. 9 9 3

l.s.d. 0.2508 0.5030 0.7282

d.f. 4 12 13.67

Except when comparing means with the same level(s)

fact A 0.8712

d.f. 12

***x%k Stratum standard errors and coefficients aination *****
Variate: Cd_Lettu

Stratum d.f. s.e. cv%
reps 2 0.2472 42.0
reps.fact A 4 0.1106 18.8

reps.fact A .Fact B 12 0.4897 83.1
*kxx Analysis of variance *****

Variate: Cd_carro

Source of variation  d.f. s m.s.r. F pr.

reps stratum 2 0.6829 0.341508
reps.fact__A_ stratum

fact__A_ 2 0.0210 0.0108.06 0.939
Residual 4 0.6568 0.164R15

reps.fact _A_.Fact__B_ stratum

Fact B 2 24725 1.236868 0.005
fact A .Fact B_ 4 04375 0.10977 0.566
Residual 12 1.7083 0.1424

Total 26 5.9790

*xkx Tables of means *****

Variate: Cd_carro

Grand mean 0.649

fact. A 1.00 2.00 3.00
0.611 0.677 0.659

Fact B 1.00 2.00 3.00
0.225 0.912 0.810

fact A Fact _B_ 1.00 2.00 3.00

1.00 0.062 1.038 0.732
2.00 0.432 0.701 0.898
3.00 0.181 0.997 0.799

*** Standard errors of means ***
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Table fact A Fact B fact A_

Fact B

rep. 9 9 3

e.s.e. 0.1351 0.1258 0.2233

d.f. 4 12 14.93

Except when comparing means with the same level(s)

fact A 0.2178

d.f. 12

*** Standard errors of differences of means ***

Table fact A Fact_B_ fact A _
Fact B

rep. 9 9 3

s.e.d. 0.1910 0.1779 0.3158

d.f. 4 12 14.93

Except when comparing means with the same level(s)

fact_ A 0.3081

d.f. 12

*** |east significant differences of means ***

Table fact A Fact B fact A _
Fact B

rep. 9 9 3

l.s.d. 0.5303 0.3875 0.6735

d.f. 4 12 14.93

Except when comparing means with the same level(s)

fact A 0.6712

d.f. 12

***x*% Stratum standard errors and coefficientsvariation *****

Variate: Cd_carro

Stratum d.f. s.e. cv%
reps 2 0.1948 30.0
reps.fact A 4 0.2339 36.0

reps.fact A .Fact B 12 0.377358.1
Identifier Minimum  Mean Maximum Was Missing
reps 1.000 2.000 3.000 27 0

Identifier Minimum  Mean Maximum \ads Missing
fact A 1.000 2.000 3.000 27 0

Identifier Minimum  Mean Maximum Wes Missing
Fact _B_ 1.000 2.000 3.000 27 0

Identifier Minimum  Mean Maximum \as Missing
Pb_Cabba 0.013 3.406 20.46427 0 Skew

Identifier Minimum  Mean Maximum WMa&s Missing
Pb carro 0.224 3.190 11.38727 0

Identifier Minimum  Mean Maximum Wes Missing
Pb_Lettu 0.93 81.27 738.76 27 0 Skew
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Identifier Values Missing Levels
reps 27 0 3
Identifier Values Missing Levels

fact A 27 0 3
Identifier Values Missing Levels
Fact__ B_ 27 0 3

Identifier Minimum  Mean Maximum Wes Missing
Pb_Cabba 0.013 3.406 20.46427 0 Skew
Identifier Minimum  Mean Maximum \gds Missing

Pb carro 0.224 3.190 11.38727 0

*eekk Analysis of variance *****

Variate: Pb_Cabba

Source of variation  d.f. S.S. m.s.r. F pr.

reps stratum 2 32.343 16.11TR94
reps.fact A _stratum

fact A 2 452258 226.123.10 0.018
Residual 4 69.026 17.25518
reps.fact A .Fact B _stratum

Fact_ B 2 134172 67.088.37 0.001
fact A .Fact B 4 216.919 54.230.00 <.001
Residual 12 65.054 5.421

Total 26 969.771

* MESSAGE: the following units have large residuals.
reps 1.00 fact _A_1.00 Fact_ B _1.00 613s.e.1.55

reps 2.00 fact_A_1.00 Fact _B_1.00 544s.e.1.55
reps 2.00 fact _A 1.00 Fact _B_2.00 643s.e.1.55
*ekk Tables of means *****
Variate: Pb_Cabba
Grand mean 3.41
fact A 1.00 2.00 3.00
9.19 0.35 0.68
Fact B 1.00 2.00 3.00
0.33 4.33 5.55

fact A Fact B 1.00 2.00 3.00

1.00 0.60 11.76 15.22
2.00 08" U 3%...0.50
3.00 0.220.87 - 0.94
*** Standard errors of means ***
Table fact A Fact B fact A_
Fact B
rep. 9 9 3
e.s.e. 1.385 0.776 1.767
d.f. 4 12 9.37
Except when comparing means with the same level(s)
fact A 1.344
d.f. 12

*** Standard errors of differences of means ***
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Table fact A Fact B fact A_

Fact B

rep. 9 9 3

s.e.d. 1.958 1.098 2.499

d.f. 4 12 9.37

Except when comparing means with the same level(s)

fact A 1.901

d.f. 12

*** | east significant differences of means ***

Table fact A Fact_B_ fact A _
Fact__B_

rep. 9 9 3

l.s.d. 5.437 2.391 5.619

d.f. 4 12 9.37

Except when comparing means with the same level(s)

fact A 4.142

d.f. 12

**xk Stratum standard errors and coefficients\variation *****
Variate: Pb_Cabba

Stratum d.f. s.e. cv%
reps 2 1.340 394
reps.fact A _ 4 2.398 70.4

reps.fact A .Fact B 12 2.328 68.4
*xek Analysis of variance *****

Variate: Pb_Lettu

Source of variation  d.f. 5SS m.s.r. F pr.

reps stratum 2 68625. 34318.03
reps.fact__A_ stratum

fact__A_ 2 124037. 62019.86 0.269
Residual 4 133636. 33409.28
reps.fact_A_.Fact _B_ stratum

Fact_ B _ 2 86975. 43482.96 0.090
fact A .Fact B 4 64094. 16024.09 0.404
Residual 12 176155. 14680.

Total 26 653522.

* MESSAGE: the following units have large residuals.
reps 2.00 fact _A 3.00 Fact B 1.00 08:2s.e.81.
reps 2.00 fact _A_ 3.00 Fact__ B_3.00 4.24.e. 81.
*rekk Tables of means *****
Variate: Pb_Lettu
Grand mean 81.
fact A 1.00 2.00 3.00
15. 54, 174
Fact B 1.00 2.00 3.00
2. 111, 131.
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fact A _Fact _B_ 100 2.00 3.00

1.00 1. 22. 22
2.00 2. 79. 82
3.00 2. 234. 287.
*** Standard errors of means ***
Table fact A Fact_B_ fact A_
Fact__B_
rep. 9 9 3
e.s.e. 60.9 40.4 83.5
d.f. 4 12 11.23
Except when comparing means with the same level(s)
fact A 70.0
d.f. 12
*** Standard errors of differences of means ***
Table fact A Fact B fact A_
Fact B
rep. 9 9 3
s.e.d. 86.2 57.1 118.1
d.f. 4 12 11.23
Except when comparing means with the same level(s)
fact A 98.9
d.f. 12
*** | east significant differences of means ***
Table faet—A~Eacty BRS" factaup
Fact B
rep. 9 9 <)
l.s.d. 239.2 124.4 259.3
d.f. 4 12 1123
Except when comparing means with the same level(s)
fact A 2155
d.f. 12

**xk Stratum standard errors and coefficients\variation *****
Variate: Pb_Lettu

Stratum d.f. s.e. cv%
reps 2 61.7 76.0
reps.fact__A_ 4 105.5129.9

reps.fact A .Fact B 12 121.2149.1
*eexk Analysis of variance *****

Variate: Pb_carro

Source of variation  d.f. S.S. m.s.r. Fpr.
reps stratum 2 22286 11.14893
reps.fact A _stratum

fact__A_ 2 6415 3.208.27 0.777
Residual 4 47.824 11.958635
reps.fact A .Fact B stratum

Fact_ B_ 2 112168 56.088.70 <.001
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fact__A_.Fact_ B_ 4 6.370 1.59245 0.774
Residual 12 42863 3.572

Total 26 237.926

* MESSAGE: the following units have large residuals.
reps 1.00 fact _A_ 3.00 Fact _B_1.00 243s.e.1.26

***** Tables of means *****

Variate: Pb_carro
Grand mean 3.19
fact A 1.00 2.00 3.00
3.28 255 3.74
Fact B 1.00 2.00 3.00
057 345 554
fact A Fact B 1.00 2.00 3.00

1.00 0.56 3.21 6.07
2.00 0.73 261 4.32
3.00 043 454 6.24
*** Standard errors of means ***
Table fact A Fact B fact A_
Fact B
rep. 9 9 3
e.s.e. 1.153 0.630 1.457
d.f. 4 12 9.12
Except when comparing means with the same level(s)
fact A 1.091
d.f. 12
*** Standard errors of differences of means ***
Table fact A Fact_B_ fact A_
Fact B
rep. 9 9 3
s.e.d. 1.630 0.891 2.060
d.f. 4 12 9.12
Except when comparing means with the same level(s)
fact A 1.543
d.f. 1.2
*** | east significant differences of means ***
Table fact A Fact _B_ fact A _
Fact B _
rep. 9 9 3
l.s.d. 4.525 1.941 4.651
d.f. 4 12 9.12
Except when comparing means with the same level(s)
fact A 3.362
d.f. 12

**xk Stratum standard errors and coefficientsvariation *****
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Variate: Pb_carro

Stratum d.f. s.e. cv%
reps 2 1.113 34.9
reps.fact__A_ 4 1.996 62.6

reps.fact A .Fact B 12 1.890 59.3
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