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Chapter 1

Introduction



1.1 SOIL

Soil is the natural, unconsolidated, mineral and organic matter occurring on the
surface of the Earth [1], i.e., soil consists of mineral solid particles mixed with
organic matter and water. The standard soil classification is carried out based on
the size distribution of mineral solid particles which can be divided into three
different categories; sand, silt and clay. The characteristic size distribution of
sand, silt and clay particles is shown in following table.

Soil particle size [2]

Particle Diameter Number per 1 gram | Surface area (cm?) per
(mm) of soil 1 gram of soil
Sand 0.05-2 89x10°—112 15-308
Silt 0.002-0.05 | 2x10’ 888
Clay <0.002 4x10™ 4x10° (non-swelling)
8x10° (swelling)

A valid concept of the nature of soil must avoid the common error that soil is
simply a mixture of unconsolidated material resulting from the weathering
processes of underlying rocks. Soil is a natural body, having mineral and organic
component as well as physical, chemical and biological properties, and therefore,
cannot be simple reflection of the combined properties of all soil components.
Any classification of soil suffers from the disadvantage that it is impossible to
relate it to the great complexities of soil genesis and properties. The terms used in

defining the soil in different systems seldom is exactly equivalent.

The composition of soil is extremely diverse and, although governed by many
different factors, climatic conditions and parent material predominant most
commonly. Soil is composed of three phases: solid (mineral and organic), liquid
and gaseous and exhibits properties resulting from the physical and chemical
equilibrium of three phases. The important factors influencing soil properties are
the chemical compositions of the solid component, its mineral structure and the

state of dispersion.



Two stages are involved in the formation of soil from parent material. The first is
the alternation of the primary mineral constituents of the parent rock by the
physical and chemical processes of weathering. The second stage (pedogenesis)
results in the formation of a soil profile from the weathered rocked material,
leading to the development of a mature soil as the end product of the interacting
processes. Weathering and pedogenic processes cannot be easily distinguished
and separated because they may take place simultaneously at the same sites and

most largely control the kind of soil that finally develops.

1.2 SOIL CONSTITUENTS

Generally speaking soil is a three-dimensional system, made of a solid, a liquid
and a gaseous phase, each in an amount depending on the quantity of its
constituents and their kinetic roles in the complex series of reactions, leading to

soil formation. Following figure illustrates the composition by volume of an

average soil.
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Figure 1: Composition by volume of an average soil
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The mineral constituents of soil inherited from the parents rocks have been

exposed for various periods of time to weathering and pedogenic processes. The



soil mineral system, which is not necessarily in equilibrium with the soil solution,
is complicated by the processes of degradation and neo formation of minerals, as
well as by mineral reaction with organic compounds. The common primary
minerals in soil inherited from the parent material can be arranged in to parallel
series, according to their susceptibility to weathering processes:

» Series of felsic minerals; plagioclase > K-feldspar muscovite > quartz,

» Series of mafic minerals; olivcne > pyroxenes > amphiboles > biotic.

They are, however, considered to be the source of certain micronutrients
elements. The approximate composition of mineral constituents of surface soil
shows that quartz is the most common mineral in the soil, constituting 50 — 90%
of the solid phase. Even in geochemical condition favourable for the leaching of
silicates, quartz remains as basic soil mineral. Feldspar is of low relative
resistance to weathering in the soil environment and their alternation usually
provides materials for clay mineral formation. Carbonates and metal oxides are
usually accessory mineral in soil of humid climatic zones, while in soil of arid

climatic zones they may be significant soil constituents.

THE LIQUID PHASE - SOIL WATER

Soil water is principally derived from two sources: precipitation and
groundwater. Each contributes to the amount of moisture in the soil, depending
mainly on the climate and the water balance between the atmosphere and the
plant-soil system. The amount of water lost to the atmosphere comprises the sum
of the water transferred by evaporation and of that transferred by plant
transpiration, forming together the evapotranspiration. This depends directly on
the climatic conditions as well as the properties of the plant-soil system. The
evapotranspiration that would take place under optimum precipitation conditions

and soil moisture capacity is known as the potential evapotranspiration.

THE GASEOUS PHASE - SOIL AIR
Soil air, or soil atmosphere, is the characteristic name given to the
mixtures of gases moving in the aerated zone above the water and filling the soil

pores, where these are not already occupied by interstitial water. Mass flow of



these gases in the aerated zone will be wholly controlled by atmospheric factors
such as temperature, pressure, and moisture conditions. As far as major
constituents are concerned, soil air has a composition slightly different from that
of atmospheric air. Although soil air contains 1-6% less oxygen by volume than
atmospheric air, we find that it contains about 10 to 150 times more CO..

These differences in the concentration of CO, and O,, between soil air and
the atmosphere, result in partial pressure gradients between the two systems along
which CO, moves from the soil to the atmosphere, while the oxygen flow takes
place in the opposite direction. Gas exchange between soil air and the atmosphere
occurs also along temperature gradients and in sites where rainwater introduces
atmospheric gases into the soil. Beside the major constituents, minor or trace
amounts of other gases may occur in the soil air, originating from deep-seated

sources or as products of organic or mineral reactions in the soil environment.
1.3 SOIL PROCESSES

Transport

The transport of dissolved heavy metals may take place through the soil
solution (diffusion) and also with the moving soil solution (mass flow, leaching).
Generally, in soils formed under a cool and humid climate, the leaching of heavy
metals downward to the profiles is greater than their accumulation, unless there is
a high input of these elements into the soils. In warm, dry climate, and also to
some extent in humid climate, upward translocation of heavy metals in the soils
profiles is the most common movement. However, specific soils properties,
mainly its cation exchange capacity, control the rates of heavy metal migration in
the profiles.

Heavy metals budgets have been calculated for various ecosystems. Input/
output differences show that for the majority of elements the accumulation rate in

the surface soil is positive.

Adsorption
The term “adsorption” is commonly used for the process of sorption of
chemical elements from solution by soil particle. Adsorption is thus the kinetic

reaction based on thermodynamic equilibrium rules. The forces involved in the



adsorption of ionic species at charge surfaces are electrostatic and can be
explained by Coulomb’s law of attraction between unlike charges and repulsion

between like.

Surface charges in soil materials caused primarily by ironic substitutions
are exhibited mainly by colloids. At a low pH a positively charge surface prevails,
while at a high pH a negatively charge surface develops. The colloids of the
majority of soils, therefore, carry negative charges and can be electro-neutralized
by cations present in the surrounding solutions. In the presence of an excess of
cations, the process of exchanging the cations for other others maintain the eletro-
neutrality of the system. Thus, the cation adsorbed by the solid phase can be
replaced by other cations, most often by H ions. An increase stability of adsorbed
metals may result from dehydration and recrystallisation processes that occur on

the surface of the colloids, especially in alkaline soils.

From the above information it can be summarised that geochemically, an element

introduce in to the soil may end up in one or more of the following form:
» Occluded or fixed into soil minerals,
» Incorporated into biological material,
» Dissolved in soil solution,
» Precipitated with other compounds in soils, and
» Held into exchanged sites of organic solids or in ordinate constituents.

Weathering processes

Weathering, the basic soil forming processes, has been extensively studied and
reviewed as the complex interactions of the lithosphere, the atmosphere, and the
hydrosphere that occur in the biosphere empowered by solar energy. Weathering
can be chemically described as the process of dissolution, hydrolysis, hydration,
oxidation, reduction, and carbonation. All of these processes are based on rules of
enthalpy and entropy, and they lead to the formation of minerals and chemical
components that are relatively stable and equilibrated in the particular soil

environments. Chemical weathering leads to the destruction of parent minerals



and removal of the elements from the minerals into solution and suspensions.

Greatly simplified, basic weathering processes can be characterized as follows:

» Oxidation-incorporation of the oxygen into chemical components or

increase of the element potential
Hydration-minerals increase their water content
Reduction-reaction that are reverse of oxidations

Dissolution-minerals are soluble in the aquatic phase

Y V V V

Hydrolysis-reaction of minerals with water producing new ions and/or

insoluble components

» Carbonation alternations of compounds into carbonates due to the
incorporation of CO,. All these reactions are controlled led by chemical

equilibria of the particular earth surface environment.

Dissolution

Chemical reactions leading to solution of each species of ions can be
characterized by thermodynamic equations. At each equilibrium states the
reaction rates of both directions compensate and keep the composition of the soil
phases- (solid, liquid and gaseous) constant. The diversity of ionic species of
heavy metals and their various affinities to complex with inorganic and organic
legends make possible the dissolution of each element over a relatively wide
range of pH and Eh. Each element can also be quite readily precipitated and/ or

add sorbed even under a small change of the equilibrated conditions.

However, usually the most mobile fractions of ion occurred at a lower
range of pH and at a lower redox potential. It can then be anticipated that with
increasing pH of the soil substrate the solubility of most trace cations will
decrease. The concentration of heavy metal is lower in soil solution of alkaline

and neutral soil then in those of light acid soils.



Pedogenic processes
Several specific reactions, in addition to those involved in weathering, lead to
the formation of a particular soil profile. Although there is a great diversity in

pedogenic processes, they include the following similar stages-

» Translocation of these materials within the soil, both vertically and
horizontally

» Losses of this materials from the soil
» Addition of organic and mineral material to the soil
» Transformation of organic and mineral metal in the soil.

These processes can be constructive or destructive in soil formation. Six factors

that largely control the kind of soil that finally develops are-
» Topography (open or close systems)
Vegetation and other soil biota
Anthropogenic activity (degradation, contamination, re-cultivation)
Climate (temperature, rainfall)

Time

YV V VY VY V¥V

Parent material (the nature of minerals)

Thus, dynamic equilibrium between soil components is governed by various
interactions between the soil, solid and gaseous phases, biota and the soil

solutions.

Sorption

Soils are considered as sinks for heavy metals; therefore, they pay an
important role in environmental cycling of these elements. They have a great
ability to fix many species of trace ions. The term “sorption” refers to all
phenomenonat the solid solution boundary, including the following intermolecular

interaction:
» Magnetic bonding

» Charge transfer



lon dipole forces
Chemisorptions
lon and legend exchanges

Hydrophobic and hydrogen bonding

YV V V VYV VY

Van-der-waals forces

Soils component involved in sorption of heavy metals are oxides (hydrous,
amorphic mainly of Fe and Mn and, to a much lesser extent, Al and Si); organic

matter and biota; carbonates, phosphate, sulphides, and basic salts; and clays.

1.4 SOILS OF JAIPUR AND KOTA DISTRICT
JAIPUR
Jaipur district, covering geographical area of 11,061.44 sq. km and
extending between north latitudes 26°25" and 27°51" and east longitudes 74°55’
and 76°15 forms east-central part of the Rajasthan State.
Soils in the district may be classified as:
a) Loamy sand to sandy loam
b) Sandy clay loam
c) Sandy clay
d) Windblown sand
e) River sand
KOTA
Kota district lies in south eastern part of the state, between 24°25
and25°51" North latitude and 75°17 and 76°00" East Longitude. It covers a
geographical area of 5198 sq. km. The soil of the Kota district is characterized by
deep, mediumand black shallow alluvium soils. The soils ranges in depth from
shallow to verydeep with lime concretion or lime encrusted gravels at varying
depths. The soils in general are clay loam to clay in texture and moderately to less
permeable anddeveloping cracks in dry season. The soils can be classified as

Chromusterts great group of Vertisols order.



1.5 ADSORPTION AND MIGRATION OF HEAVY METALS

Soil is a major reservoir for contaminants as it possesses an ability to bind
various chemicals. These chemicals can exist in various forms in soil and different
forces keep them bound to soil particles. It is essential to study these interactions
because the toxicity of chemicals may strongly depend on the form in which they
exist in the environment. Another thing is that soil variability and some
environmental properties (e.g. climate factors) may change equilibrium found in
soil and cause leaching of trace toxic elements like heavy metals tightly bound to
soil particles.
Leaching is one of the most important physical process responsible for migration
of soil nutrients and pollutants occurs either by active transport or passive
permeation accompanied by diffusion of energy and matter through soil matrix.
Over fertilized agricultural areas possess a threat to the ground water quality
mainly because of leaching of salts through macropores along with percolating
water [3]. As the water moves through the soil profile, it dissolves additional salts
from the soil and transports them to subsurface and ground water [4]. The
leaching rates of salts are basically the relative mobility or fluidity of water along
with salt movement as diffusion of salt is not possible without diffusion of water
in saturated soils. One of the worst consequence of leaching from polluted sites as
well as from over fertilized agricultural fields during irrigation, rain events and
water percolation is contamination of subsurface and ground water [5]. Leaching
may depend on macro porosity of soil [6] as well as laminar flow of water in
cracks and channels found in soils [7]. It also depends on soil quality, applied
water quality, ion exchange [8], salt solubility, initial water content of soil [9], pH

[10], temperature etc. of various types of soils.

Chemicals having heavy metals once introduced to the environment by
one particular method may spread to various environmental components, which
may be caused by the nature of interactions occurring in this natural system.
Heavy metals may chemically or physically interact with the natural compounds,
which change their forms of existence in the environment. In general they may
react with particular species, change oxidation states and precipitate [11]. Heavy
metals may be bound or sorbed by particular natural substances, which may

10



increase or decrease mobility. Studying the dissipation of heavy metals is called
speciation [12]. Literature study shows that the speciation may be understood in
different ways and in various aspects [13]. In general, two forms of speciation are

distinguished by environmental scientists: chemical and physical.

Properties Influencing Sorption of Heavy Metals in Soil

Soil has the ability to immobilise introduced chemicals like heavy metal
ions. The immobilisation of xenobiotics is mainly due to sorption properties
which are determined by physicochemical properties of the soil such as: amount
of clay and organic fraction, pH, water content, temperature of the soil and
properties of the particular metal ion [14].
The solid state of soils composes an average of 45% of soil bulk. It consists of
mineral particles, organic matter and organic-mineral particles. They all play a
very important role in giving the soil the ability to absorb, exchange, oxidise,

reduce, catalyse and precipitate chemicals and metal ions in particular [14].

The inorganic colloidal fraction of soil is the most responsible for sorption
by its mineral particles. It is comprised of clay minerals, oxides, sesquioxides and
hydrous oxides of minerals. The total amount of clay minerals in soil bulk is very
important, as they are the major inorganic component of soil sorption complex.
The distribution of xenobiotics like, for instance, heavy metals between different
size classes of organic-mineral particles is important because the physical
movement of these particles leads to their re-distribution in the landscape. The
content of heavy metals usually decreases from clay to coarse silt [15]. It is
caused by the high surface area of clay minerals and weak pH dependence of
C.E.C (Cation Exchange Capacity). Hence, soils with high amounts of clay
fraction and organic matter can be more contributed with heavy metals than
others.

Contaminant Transport Processes

Solute transport processes control the extent of contaminant migration in
the subsurface. It involves mainly three processes: advection, diffusion and
dispersion. These processes are available only to deal with the transport of

nonreactive contaminants in the subsurface. Nonreactive contaminants are

11



dissolved contaminants that are not influenced by chemical reactions or
microbiological processes. In case of reactive contaminants, these transport
processes are considered along with various mass transfer and microbial
degradation processes.
Diffusion

Diffusion is a micro-scale process which causes movement of a solute in
water from the area of its higher concentration to the area of its lower
concentration. The difference in concentration is called concentration gradient.
Diffusion ceases when there is no concentration gradient. It can occur even when
the fluid is not flowing or is flowing in the direction opposite to the contaminant
movement. Diffusion is characterized using Fick’s first law of Diffusion.
Advection

Advection is the movement of the dissolved contaminant in groundwater,
and it refers to the average linear flow velocity of the bulk of contaminant. Due to
advection the contaminant moves with the flow at a velocity equal to the seepage
velocity of the groundwater in the porous medium. The seepage velocity can be

represented as-

v, = = (1)
Where K, is the hydraulic conductivity, h is the hydraulic gradient and « is the
porosity of the porous material.
Dispersion

At the macroscale level, the contaminant transport is defined by the
average groundwater velocity. However, at the microscale level, the actual
velocity of water may vary from point to point and can be either lower or higher
than the average velocity. The difference in microscale water velocities arises due
to pore size, path length and friction in pores. Due to these differences in
velocities, mixing occur along the flow path.

This mixing is called mechanical dispersion or hydrodynamic dispersion
or simply dispersion. The mixing that occurs along the direction of the flow path
is called longitudinal dispersion and along direction normal to the direction of the
flow path is called transverse dispersion. Figure 2(c) represents the one-

dimensional dispersion of the contaminant results in a dilution of the

12



contaminants at the advancing edge of flow by considering only longitudinal
hydrodynamic dispersion [16-17].
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Figure 2: Contaminant transport processes
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Hydrodynamic Dispersion Equation

The general equation governing the hydrodynamic dispersion of a
homogeneous fluid is the fundamental advection-dispersion equation. It is based
on conservation of mass and Fick’s first law of diffusion.
Fick’s first law
Fick's first law relates the diffusive flux to the concentration gradient. It states that
the rate of transfer of diffusive substance through the unit area of a section is

proportional to the concentration gradient normal to that section.

_pre

Jp =-D % (2)
Where Jpis the diffusive mass flux, D’ is the diffusion coefficient. Negative sign
indicates that contaminant moves from zone of higher concentration to the zone of
lower concentration.
Advection-dispersion Equation
Let c(x,y,z) be the concentration of the fluid at any point (x,y, z) and u,, u,, u,
are the velocity components parallel to the co-ordinates axes. Consider a small
element of volume dxdydz in the form of a rectangular parallelepiped shown in

Figure 3, whose sides are parallel to the axes of co-ordinates.

Z
A
dz
fx - 7 fx+6x
dy
dx
> X

Figure 3: Small rectangular parallelepiped
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The dispersive mass flux J; 75 Uxs 1y, Jz) from Fick’s first law of diffusion

dac ac ac

IJx = _Dxa »]y = _Dya Jz = _Dza (3)
and, the convective mass flux J..,,, through the element can be written as,
]_conv = uc, (4)

Where D,, D, and D, are the dispersion coefficients and & (uy, u,, u,) is the flow
velocity.

Therefore, the total flux including advection and diffusion transport is

JU1.J2:3) = Jeonv + Jaifs (5)
The total flux entering the element along x-direction
d
J1 = (uxe = Dy 22) 0ydz = f1(x,,2) (6)
And the total flux leaving the element from x-direction
fl(x‘l‘ax:y;z)=f1(x:y;z)+ax%+”' (7)

The excess of solute flow along x-axis can be written as-
Difference of mass per unit time = Mass entering the element — Mass leaving the

element
ad
= —0x = f,(x,, )
0 2 .
= —0x o (uxc = D, 35) 0y0z (Using Eq.6)  (8)

Similarly, the excess of solute flow along y-axis

]
= —— (uyc - D, 5) 0x0y0dz 9)
And the excess of solute flow along z-axis

d ac
=- (uzc - D, 5) 0x0ydz (10)
Total excess of solute flow in over the solute flow out from all the co-ordinates

axes of the element, i.e. difference of mass of solute per unit time

= |2 (wec - D, Z) + a"’_y (uyc - D, g—;) + = (u,c - D, 5)|oxayoz  (12)

Since, the dissolved substance is assumed to be non-reactive, the difference
between the flux into the element and the flux out of the element equals the
amount of dissolved substance accumulated in the element. Therefore, the rate of

mass change per unit time is given by-

15



dc
Py dxdyoz (12)
By the principal of conservation of mass, we have,

Rate of change of solute concentration = Rate of solute flow in - Rate of solute

flow out
% 0x0y0z = — [aa_x (uxc - D, g—;) + aa_y (uyc - D, Z—;) + % (uzc -
D, %)] 0x0y0z (13)

:% = [:—x(Dx%—uxc) +%(Dyg—;—uyc) +%(ng—uzc)] (14)
This is known as hydrodynamics dispersion equation or advection-dispersion
equation in three-dimensional case.
Here, D,, D, and D,are the dispersion coefficients may be considered as function
of time or position or constant.
For one-dimensional case, the advection-dispersion equation with constant

coefficient can be written as

dc d%c ac

ot X 9x2 X 9x

(15)
Initial and Boundary Conditions

The advection-dispersion equation represents the expressions of mass
balance and dimensions. It does not contain any information related to any
specific case of flow, not even the shape of the domain within which this flow
occurs. Therefore, each equation has an infinite number of possible solutions,
each of which corresponds to a particular case of flow through a porous medium.
To obtain one particular solution corresponding to a certain specific problem of
interest, it is necessary to provide supplementary information that is not contained
in the equation. This supplementary information defines the initial and boundary
condition of the problem.
Initial Condition

The initial conditions describe the distribution of the values of the
considered state variables at some initial time, usually taken as t = 0, at all points

within the considered domain. The initial condition representing concentration of

16



contaminant transport in general form for a three-dimensional system can be
written as
c(x,y,2,t) = fo(x,y,2);t =0 (16)
Where c(x,y,zt) is the required state variables, and f,(x,y,z) is a known
function or constant or zero, depending on the physical model of the problem.
Boundary Conditions
Boundary conditions represent the way the considered domain interacts with its
adjacent environment. It can be described by three types of mathematical
conditions enlisted as follows:
A. Neumann boundary condition:
In case of specified flow boundaries, the derivative of head (flux) across
the boundary is given. It is used to describe fluxes to surface water bodies,
spring flow, underflow and seepage to or from bedrock underlying the
modelled system. It prescribes normal gradient of concentration over a

certain portion of the boundary. Mathematically it can be written as

(Dij :—;) n; = f3(x,y,2,t) (17)

Where f;5 is a known function and n; is directional cosine. For impervious
boundaries, f; becomes zero.

B. Robin boundary condition:
It is also known as Cauchy or mixed boundary condition. The head
dependent flow boundaries relate with boundary heads and boundary
flows. The flux across this type of boundary is dependent on the difference
between a user-supplied specified head on one side of the boundary and
the model calculated head on the other side. Robin type boundary
condition prescribes linear combination of concentration and its gradient

along the boundary. Mathematically, it can be represented as-

a
(D1 3=~ vie) mi = 32,0 (18)

Where f; is a known function. The first term on the left-hand side
represent flux by dispersion and the second term represent the effect of
advection. These descriptions of boundary conditions have been explored
[18].

17



C. Dirichlet boundary condition:
A specific head boundary is simulated by setting the head at the relevant
boundary nodes equal to known head values. It prescribes concentration
along a portion of the boundary. Mathematically, it can be expressed as-
c=fi(x,y,21t) (19)
Where f,(x,y, z, t) may be constant or a given function of space or time or

both for that particular portion of the boundary.

1.6 MATHEMATICAL TECHNIQUES

Mathematical modeling is the major tool to predict the mobility and the
persistence of pollutants within soil systems. Therefore, the objective of this
research is to show Mathematical and Stochastic representation for Salt Transport
in Soil and process governing Leaching of Heavy Metals.

The advection-dispersion equation with different initial and boundary
conditions in combined form is known as advection-dispersion model or solute
transport model. Analysis of contaminant transport problem requires the use of
mathematical model commensurate with the application. In literature, there are
several mathematical techniques available to solve the advection-dispersion
model. These techniques generally involve two main approaches such as

numerical method and analytical method.

Numerical Method
The numerical methods such as finite differences, finite elements,

integrated finite differences, the boundary integral equation, and analytical
element can be used in groundwater modeling. The boundary integral equation
method [19-20] and analytic elements [21-22] are relatively new techniques which
are not yet widely used. Integrated finite difference (IFD) technique is closely
related to the finite element method. Finite difference and finite element methods
are more commonly used to solve groundwater modeling problems [23].
Finite Difference Method

Advection-dispersion equation subject to different initial and boundary
conditions can be solved by approximating the first and second order derivatives

contains in the equation by forward, backward and central difference
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approximations. The numerical solution can be obtained by finite-difference

techniques such as Explicit finite difference method and Crank-Nicolson implicit

method.

Explicit Finite-difference Method:

It is a second order accurate method. Let us consider a one-dimensional
domain on which problem is defined. This is rectangular with x ranging
from x,,in t0 Xpmax @nd time domain t ranging from 0 to T. Divide the
interval [X,,in, Xmax] INt0 M equal subinterval with length Ax, indexed by
i=0,1,2,..,M and interval [0,t] into equal subintervals with length At,
indexed by j = 0,1,2, ... .Let C;; denote the approximation of grid point at
x; = xo +iAx and t; =ty + jAt. The partial order derivative can be

approximated as follows:

aC  Cijs1-Cii .
e % (Forward difference formula) (20)
ac Ci —Ci_q; ;
= 2L ml) (Central difference formula) (21)
ox 2Ax
0%C _ Ciy1,j=2C;j+Ci—qj .
Fora e (Central difference formula) (22)

Using these approximations in one-dimensional solute transport model, all
the values of C; j,, can be calculated for the entire grid at each time level.
This method is known as Explicit finite-difference method. It is second
order accurate in x-direction and first order accurate in t-direction, and

easy to implement. The Explicit finite-difference solution is unstable
unless the ratio AAth is sufficiently small. This means that small errors may

come either due to arithmetic inaccuracies or due to the approximate
nature of the derivative expressions which tends to accumulate and grow
as one proceeds rather than dampen out.

Crank-Nicolson Implicit Method:

In Crank-Nicolson implicit method, the time derivative of advection-
dispersion equation can be approximated by forward difference
approximation, first order space derivative can be approximated by
average of central difference approximation of n" level and (n+1)" level
and second order space derivation can be approximated as average of

central difference approximation n™ level and (n+1)" level. After
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computing the set of approximations, it gives a system of equation which

can be solved by tri-diagonal method or Gauss elimination method. This

method is assumed to be unconditionally stable. However, to calculate the
system of equations at each time step, especially in two-dimensional
model, makes the problem more complex.

Analytical Method

Analytical methods are useful for providing initial and approximate
studies of alternative pollution scenario, conducting sensitivity analyses to
investigate the effects of various parameters or processes on contaminant
transport, extrapolating result over large time and spatial scales where numerical
solutions become impractical. The literatures contain many analytical solutions
for advection-dispersion type transport problem in one-, two- and three-
dimension.

There are several analytical methods available to find the analytical
solution of advection-dispersion model named as- Laplace transform technique,
Fourier transform technique, generalized integral transform technique, Green’s
function method, Power series method, Hankel transform technique, Method of
superposition principle. The methods are used according to the physical model,
dimensions, types of initial and boundary conditions, temporally and spatial

dependency of the coefficient in the equation of the problem.

1.7 AIM AND OBJECTIVE
Large areas of cultivated land worldwide are affected by soil salinity. Salinity
refers to large 20 concentrations of easily soluble salts present in water and soil on
a unit volume or weight basis (typically expressed as electrical conductivity (EC)
of the soil moisture in ds/m, i.e. deci siemens per meter at 25°C; for NaCl 1mg/l).
High salinity causes both ion specific and osmotic stress effects, with important
consequences for plant production and quality. Prevention or remediation of soil
salinity is usually done by leaching of heavy metals, and has resulted in the
concept of leaching requirement [24-26].

An understanding of the factors that affect the fate and transport of
contaminants in the unsaturated soil and in groundwater is important for many

applications. This understanding is necessary for determining the assimilative
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capacity of a soil and whether chemicals are likely to accumulate within the soil
profile or leach to contaminate groundwater. An understanding of these factors
will help in identification of suitable remediation methods and proper land
disposal sites. The factors also determine what happens to chemicals under
closure conditions and how to avoid groundwater contamination.

Mathematical modeling is the major tool to predict the mobility and the
persistence of pollutants to and within groundwater systems. Several
comprehensive institutional models have been developed in recent years for this
purpose. However, evaluation procedures are not well established for models of
soil-water flow and chemical transport. The models may be used to determine the
potential concentrations at receptor points and the necessity & immediacy of
remedial action. The factors and processes that are important include those that
affect losses, retardation, solubility and transport. For protection of public health
and the environment, particularly groundwater, it is desirable to enhance losses

and retardation.

Objective

e Formulate Mathematical model for salt transport in soil.

e Formulate Kinetic multireaction approach for leaching of heavy metals in
soil.

e The present research work endeavours to find out the total concentration
of some specific heavy metals in the soil.

e The total concentration of heavy metal provides pollution information at
different locations of Jaipur and Kota cities.

e In this work, metals like copper, zinc, lead, chromium, nickel, and
cadmium have been estimated at different locations and established

correlation between the total metal content.

1.8 IMPORTANCE OF PROPOSED RESEARCH WORK
A quantitative description of heavy metals transport in the saturated and
unsaturated zone of the soil is required to predict the impact of human influence

on the environment.
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In this study, we will deal with heavy metals transport and pollutant
transport in soil by using mathematical and stochastic modeling. We first
introduce the underlying physical concept, and then translate the concept into a
mathematical model.

Moreover, additional research is required to develop accurate and rapid
measurement techniques for the necessary input parameters. To be useful in real
environmental problems, modeling concepts should be coupled in one overall
mathematical framework. This work will be primarily devoted to various issues
related to the modeling of heavy metals transport in soil.

With respect to the stochastic approach, special emphasis is given to the
characterization of spatial variability and the prediction of effective parameters.
As heterogeneity increases, modeling approaches evolve from a purely

deterministic description to a stochastic analysis.
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Environmental pollution is creating an increased load on resources of our
environment, especially on soil and air. Heavy metals polluted soil is present
around industrial areas, metropolises and also near transportation roads. Soils
have capacity to assimilate heavy metals for many years without the observable
signs of their severe toxic results. However, the purifying/filtering capability of
soils is limited and soils are no more competent to take these elements after a
certain level; and the soil itself become sources of pollution. These toxic
substances are incorporated into water and absorbed by plants and crops; and

finally they enter into the food-web to cause long-term harmful effect.

According to L. Fodor and L. Szabd [1], the interaction of soil and heavy
metals varies in diverse conditions. For example- conversion and immobilisation
rate of toxicants in soils changes according to elements. A clear differentiation of
pollutants elements can be easily established between mobile pollutants in soils
(Pb, Cd, Cu, Zn) and the elements which rapidly transform into bonded insoluble
forms (As, Hg, Cr). Secondly, other pollutants and heavy metals that are present
over soils assimilate in the cultivated soil horizons where root mass is dense. Cu,
Cd, Pb, Zn and Hg are present as bonded form in the cultured horizons, whereas
deeper horizon (30-60 cm) is moderately polluted. Ultimately, leaching of heavy
metal is also responsible for acidic soil. Subterranean water sources are also

jeopardized by these elements as a consequence of rapid leaching.

2.1 HEAVY METAL POLLUTED SOILS

Heavy metals display metallic properties such as malleability, ductility,
conductivity, ligand specificity and cationic stability. These elements are
categorized by their high density and relatively high atomic weight [2]. Few
heavy metals (Fe, Co, Cu, Mn, Ni, V, Zn and Mo) are required in very small
amount by organisms and high concentration of these elements are harmful to
organisms. Heavy metals for example Hg, Pb, As and Cd do not contain any
beneficial effect and considered as the “main threats” because they are very
injurious to both animals and plants. Metals can occur either as combined form or
as separate entity. These forms can consist of exchangeable ions which are

absorbed on the exterior of non-exchangeable ions, inorganic solids and insoluble
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inorganic metal compounds (phosphate and carbonate), free metal ions in the soil
solution or soluble metal compound, metals attached to silicate minerals and metal
complex of organic materials [3].

Metals attached to silicate minerals signifies the conditions of metal accumulation
in soil and they are not responsible for pollution/contamination issues as
compared to metals that occur as distinct entity or those which exist in elevated
concentration in soil [4]. Soil property mainly influences metal concentration in
different ways. The soil pH is the main factor which affects metal availability in
soil [5]. Wang et al. [6] reported decrement of Zn and Cd concentration in the
roots of Thlaspi caerulescens with augmentation of soil pH. Organic matter and
hydrated Fe,O3; also resulted in low heavy metal accessibility through
immobilization of these metals [7]. Important positive relationship has also been
established between heavy metals and physical properties of soil such as water
retaining capacity and moisture content [8].

Other aspects that influence the metal accessibility in soil comprises- density and
nature of charge in soil particle, relative soil surface area and extent of complex
formation with ligands [3]. The great interface and particular surface areas
presented by soil colloids assist in controlling the amount of heavy metal
deposition in soils. In addition, soluble metals in polluted soils may be lowered by
soil particles which have more specific surface area, although it may be metal
specific [3]. It was reported that accumulation of alteration consisting of
hydroxides (OH") with more reactive surface region lowered the solubility of Cd,
As, Pb, Cu and Mo, while the solubility of Zn and Ni did not change [9].
Microbial activity, mineral composition and soil aeration also influenced heavy
metal concentration in soils [10].

Conversely, heavy metals can also modify soil characteristics related to soil
biological properties [11], indicating alteration in soil biochemical and
microbiological properties after pollution can be used to assess the intensity of
soil contamination. Moreover, these methods are more accurate and results can be
analyzed at a faster rate as compared to examining soil’s physical and chemical
characteristics [12]. Heavy metals are also known to influence the diversity,

number and behaviour of soil micro-organisms. The toxic behaviour of these
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heavy metals on microbes depends on a number of variables for example- soil pH,
temperature, organic matter, clay minerals, inorganic ions and type of the metal
[11].

There are discrepancies in studies comparing the effect of heavy metals on soil
biological properties. While some researchers have recorded negative effect of
heavy metals on soil biological properties [11-13], others have reported no
relationship between high heavy metal concentrations and some soil (micro)
biological properties [14]. Some of the inconsistencies may arise because some of
these studies were conducted under laboratory conditions using artificially
contaminated soils while others were carried out using soils from areas that are

actually polluted in the field.

2.2 BRIEF OVERVIEW OF HEAVY METALS

Heavy metal term is used for those metals and metalloids which are related
to contamination. Their atomic density is more than 6 g/cm® [15-17] for example-
Lead, Copper, Zinc, mercury, zinc, nickel, chromium, arsenic, silver, tin and
cadmium. Trace heavy metals are those metals which are found relatively low
natural concentrations in sediments, soils, water and organisms. Usually, heavy
metals exist in cationic forms, though some may exist as oxy-anions for example,
arsenate (AsO4>) [17]. However, some heavy metals such as Zn and Cd are
weakly adsorbed to sediments and soils, and other heavy metal such as Cu and Pb
adsorb strongly and are discharged into solution slowly under favourable
condition only. Moreover, they are not biodegradable and most of them possess
toxic, carcinogenic and mutagenic properties. As a result, heavy metal tend to
assimilate in sediments and pose a high risk to the atmosphere mainly when they
meet conditions that enhance their solubility and concentration in soils, water,
sediments and organisms above their permissible limits [18-22].
The accumulation of heavy metals to the atmosphere has escalated enormously
after industrialization. The release of deleterious heavy metal has occurred
through various pathways such as water, air and soil. Emanation through air is of
huge concern because high concentration is involved, the pervasive spreading and

its potential for immense human exposure [23].
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Heavy metals could be present in amorphous materials; sorbed on clay;

precipitated as oxides or sulphides; or complexed with organic matter (OM) [24].

dissalution
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|
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i 3
transformation ;

Figure 1: Schematic representation of the various processes of heavy metals
undergo in sediments (Adapted and modified from Ziegler) [25]

2.3 HEAVY METAL CONTAIMINATION SOURCES

Heavy metals contamination of soil can occur in various ways. On the basis of
source, they are divided into two main categories- natural and anthropogenic
sources. Anthropogenic activities contribute excess heavy metals to the
environment as compared to the natural inputs.

Natural sources-

Naturally, heavy metals pollution occurs during weathering of rocks.
Weathering of rocks results due to hydration and hydrolysis reactions; loss of
mineral components via leaching and volatilization; dissolution and dissociation
of minerals; oxidation and reduction reaction; immobilization by precipitation;
and chemical exchange processes such as cation exchange. Heavy metals are
present naturally in rocks as constituents. During natural geological weathering,
heavy metals can discharge into the surroundings and it is often called as
background concentrations. Background concentrations are not essentially a
warning to the atmosphere but it is considered as a threat only when their

concentration increases above the acceptable value in the environment. They can
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provide as point source contamination or they may be carried out to different
places by surface erosion or runoff and results in diffused pollution [17].
Anthropogenic resource-

Now a day, there is no dispute in many scientific arguments that
anthropogenic action is the major source for the observed elevation of heavy
metal concentration worldwide. Major anthropogenic resources of heavy metals
are- sewage sludge, leaching from building materials, addition of fertilizers both
of organic and inorganic origins, industrial disposal and discharges, and
atmospheric consequences. Heavy metals discharge by anthropogenic action is
generally unsteady and highly soluble, and easily accessible as compared to their
natural forms [15, 17, 26, 27]. Anthropogenic discharge of heavy metals in the
atmosphere escalated significantly in the 19™century. This resulted in increased
universal concern for the implementation of method that would decrease their
concentrations in the environment. With the execution of environmental rules and
advancement in technology, there has been considerable reduction in the

discharge of heavy metals to the surroundings [17].

2.4 LEACHING

Leaching is defined as the removal of materials from solids via dissolving
away by “the action of a percolating liquid.” [28]. Perry’s Chemical Engineers’
Handbook [29] defines leaching as “the removal of a soluble fraction, in the form
of a solution, from an insoluble, permeable solid phase with which it is
associated.” In this work we employ the definition given in the Chemical
Engineers Handbook.

While technologies have been developed to counter flow regime impact on
mobilizing solidified contaminants [30-32], restraining leaching in acidic
environments, usually created by acid forming bacteria, continues to be a
challenge [33].
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2.5 FACTORS AFFECTING HEAVY METALS LEACHING
The principal geochemical parameters that govern the mechanisms of heavy
metals leaching/immobilization in sediments include redox potential, pH and the
presence of complexing agents. These parameters affect the chemical forms of the
metals. Although several studies have shown the effects of pH to be enormous in
immobilization of heavy metals [34], the effects of the other factors cannot be
overemphasised.
Influence of pH on charge development-
Surface chemistry of minerals greatly affects the solubility and hence the mobility
of contaminants in the environment in that, reactions between solutions and solids
often involve the interface between these phases. Hydroxyl groups as a result of
the interaction of sediments with and the subsequent dissociation of water
molecules usually occupy the surfaces of sediments and soils in water. At high or
low pH, negative or positive charges, respectively, can be developed on the
mineral surfaces. This dictates the type of ionic compounds that can be sorbed
onto mineral surfaces. Generally, the surfaces of C-S-H in basic solutions are
deprotonated. This potentially attracts positively charged metals in solution,
thereby affecting their mobility. Thus, adsorption of cationic metals is greatly
enhanced in basic media.

S—OH+0OH =S—-0" +H,0

On the other hand, lowering the pH would lead to the development of positive
charges on the surfaces of the minerals. This favours the adoption of negatively
charged metals or compounds. This explains why most cationic heavy metals are

found in acidic solutions.
S—0OH + H+‘——‘S—OH2+

The pH value where surface charge becomes zero, is called as point of zero charge
(ZPC). Different materials have different ZPCs. Anion adsorption increases with
decreasing pH whereas cation adsorption increases with increasing pH. As the pH
increases, the percentage of cationic heavy metals bound to the surface increases

and for anionic metals, their percentage adsorption increases with decreasing pH.
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Effect of pH on leaching of heavy metals-
As stated above, pH plays an enormous role in mineral surface charge
development which in turn, controls the adsorption of charged species. The
dissolution and portability of heavy metals in sediments and soil can further more
influenced by pH. Metals in solution usually exist in hydrated forms due to their
interaction by water molecules.

M(H,0)*" + H,0 = M(H,0)0H*™V + H,0"

M(H,0)*" + H,0 = M(OH),(S) + nH;0*

It follows from the equilibrium reactions above that adding more acid, HsO" shifts
the reaction to the left producing more dissolved species. On the other hand, if the
pH is increased by increasing the OHconcentrations, the reaction shifts to the
right precipitating more insoluble metal hydroxides. Increasing the pH further will
result in the metal hydroxide forming complexes with OH with negative charges.
This negatively charged poly hydroxide metal can, however, be engaged in a
strong interaction with water molecules which eventually can result in their

dissolution.
Cu(OH),(S)+ OH™ = Cu(OH)3

In cement stabilized sediments, the pH of fluid that fills the pore structures is
usually alkaline in nature. This aids in the precipitation of insoluble species,
particularly metal hydroxides. It is therefore imperative for the pore fluid to be
maintained at high pH to ensure long term retention of contaminants. This,
however, is independent of the amount of hydrated phases in the cement which
have the potential of raising the pH but rather, by keeping the quasi-equilibrium
between solid and aqueous phases constant [35]. However, studies have shown
that over time, the equilibrium between the solid and the liquid phases can be
disrupted due to changes in the conditions of the waste form. In some cases,
however, high pH favours the mobility of certain cations.

The two metals under investigation Pb and Cu are referred to as
amphoteric metals i.e. their hydroxide forms can dissolve when the solution pH is

very low or high [36-38]. The pH at which metals begin to dissolve defers for
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each metal. For instance, Cu begins to solubilise again from pH 9 and above
whereas that of Pb begins from 9.4 and above. The influence of pH on discharge

of heavy metals for the different sediments was investigated by NGI.

2.6 INTERNATIONAL AND NATIONAL STATUS OF WORK DONE

Mathematical models are used to resolve hydrological efforts and some
models are categorized into 4 main groups. It is advised that models with
limitation calculated by computing the smallest of a least squares objective
function signifies an application of famous non-linear regression theory to
conditions in which the supposition normally made in this theory are rarely
applicable. The correction necessarily is not the use of objective functions other
than those based on sums of squares, but the application of additional realistic
statement relating the stochastic structure of the model residuals. Numerous
denotations are specified to the term "model™ in the hydrological. Acclimatizing a
additional general description given by Dooge [39], a hydrological system is
described as a set of chemical, physical and/or biological processes depending
upon an input variable or variables to change it (them) into an output variable or
variables (A variable is unstated to be a attribute of a system which may be
calculated and which presume a dissimilar numerical values when calculated at
altered times, the terms variable and variate being synonymous; a parameter is a
quantity describing a hydrological system, which remains constant in time). A
model is a simplified depiction of a complex system, hydrological models (that is,
models of hydrological systems) being either: (a) analog, such as the resistance-
capacitance analog of a coastal aquifer used by Hunter Blair [40] and of a
complete catchment used by Ishihara and Ishihara [41], (b) physical, such as a
scaled-down facsimile of the full-scale prototype [42-43].

Various factors can results in non-ideal solute transport, together with non-
homogeneous soil physical property (e.g., soil-water content, hydraulic
conductivity, bulk density), non-homogeneous soil chemical properties (e.g.,
sorption equilibrium constant), physical non-equilibrium, sorption non-
equilibrium, sorption isotherm non-linearity and sorption-desorption non-

singularity. Factors associated to the physical nature of the porous medium, such
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as structure (i.e., non-homogeneous soil physical non-equilibrium and physical
properties), will apparently manage non-ideality for transfer of non-sorbing
solutes. It is advised that the main factors which cause non-ideal transfer of
organic solutes are non-homogenous soil characteristics (both chemical and
physical) and non-equilibrium (both sorption and transport) [44-45].

The literature is complete with information on effect of soil structure on
solute migration. These reports are more than 100 years old [46-47], as reported
by White [48]. The description for obtained non-ideal behaviour (e.g., "macropore
flow", "preferential flow", "changeling”, "bypassing", "short-circuiting”,
"subsurface storm flow", "partial displacement™) is the result of non-unimodal
pore-size distributions (i.e., a non-uniform velocity field) is usually approved. For
such systems, a continuum approach [44] is frequently used. In this approach, the
porous medium is considered to be made up of two domains: an “immobile"”
domain, in which least advective flow is present and a "mobile™ domain, where
solute migrate by dispersion and advection. The mobile-immobile
conceptualization for soils dates back at least 30 years, when it was used by
Gardner and Brooks [49]. Early mathematical models utilizing this
conceptualization were assessed by Skopp and Warrick [50] and by Van
Genuchten et al. [51]. Fast transport in the mobile domain is escorted by diffusive
mass transfer of solutes between the mobile and immobile domains, which cause
latter behaving as sink/source components. Solute transport, as depicted by
breakthrough curves (BTC's), in such systems is categorized by early initial
breakthrough and by "tailing™ or delayed approach to relative concentration values
of either 0 or 1. Because access to some portion of the porous medium is
controlled by diffusive mass transfer, solute in the system may be present in a
state of non-equilibrium. This incident has been named as physical or transport
non-equilibrium (TNE). It was suggest that "dead water" can result in non-ideal
BTC's [52]. Behavior attributable to TNE has been seen in aggregated,
heterogeneous (with relation to hydraulic conductivity) and fractured porous
media as well as in macroporous media. Some of the initial work on solute
transport in aggregated soils, where the non-ideality detected in experimentally-

derived BTC's was attributed to TNE, was performed for non-sorbing solutes
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(C1) and for sorbing inorganic solutes (Mg?*) [53], and for organic compounds
(pesticides) [54-57].

All the experiments were performed with packed soil columns and
demonstrated the effect of soil aggregation on solute migration; they are not main
representative of field conditions. In an effort to further strongly initiate field
conditions, miscible displacement studies have been carried out by using
uninterrupted soil core. Early experiments of this nature demonstrating non-ideal
solute transport of Clorine, which was attributed to macro pore flow, were
reported by Elrick and French [54]. Numerous studies of a similar nature have
since been reported for C1- and for other non-sorbing solutes [48, 58]. Numerous
field investigation of solute transport in controlled situation, where detected non-
ideality was contributed to TNE, has been carried out for inorganics [59]. An
early investigation of TNE in field-scale transport of an organic solute (herbicide
picloram) was carried out by Rao et al. [60].

The bicontinuum model can relate to heterogeneous porous media, such as
aquifers made up of laminae containing different hydraulic conductivities (K). In
this event, the low-K layer corresponds to the "immobile zone™ and the high-K
layer to the "mobile zone". Solute dispersal is influenced by mass transport among
the low and high K layers. This solute advection is more in the high-K than in the
low-K layers. Differential solute-front progression happens in the diverse layers,
which produce inter-layer concentration incline. Consequently, inter-layer
diffusive solute transport arises and results in TNE. A diffusion-based model was
given by [61-62] to acquire data from a natural-gradient field experimentation.
Movement in fractured media can also be modelled with a bicontinuum approach.
These fractures provide as zones of better transport, with the inter-fracture matrix
acting as a diffusional source.

Various mechanisms are implicated in the solute-transfer phenomenon for
a system of the immobile-mobile concept: (1) diffusive transport across the
adsorbed water (i.e., film diffusion); (2) advective-dispersive transfer from bulk
solution to boundary layer (i.e., adsorbed water surrounding the sorbent); and (3)
pore and surface diffusion within the immobile region (i.e., intra-aggregate

diffusion). Some or all of these three components may be a rate-limiting step. It is
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frequently thought that one of the three steps is slow compared to the other two
and that it may be designated as the primary rate-limiting step. The advective-
flow domain is usually alleged to be well-mixed, therefore reducing the
significance of mass-transfer resistances within these regions.

The amount of deadly trace metals in the soil sample obtained from Jaipur,
India, has been measured by Omprakash et al. [63]. Concentrations of lead,
nickel, cadmium and zinc were determined by using DC polar grams in soil
sample. The heavy elements concentrations in digested soil samples were as
follows: Pb about 7.70 ppm, Ni 2.41 ppm, Cd 7.35 ppm and Zn 2.68 ppm.

A study was carried out at a wastewater irrigated site, Mansarovar in
Jaipur city of Rajasthan, India to estimate the accumulation of heavy metals (Cd,
Pb, Zn and Ni) in soil during the pre monsoon and post monsoon period [64].
Their study revealed accumulation of Cd above the safe limits whereas Zn, Ni and
Pb were found under permissible limits. Concentration of metals was found to be
elevated throughout pre monsoon period in comparison to post monsoon period.
The concentrations of all the metals found in the study are high enough to
accumulate in the crops grown on this soil.

Manju et al. [65] examined seasonal variations in average concentrations
of metals in free fall dust samples collected from 5 diverse zones of Kota
industrial area, Rajasthan, India. The amount of heavy metals (Zn, Cu, Pb and Cd)
was elevated in winter and less in summer and reverse behaviour was detected for
crustal metals (Fe, Mg and Ca). In general, the sequence of mean amount of heavy
metals were Zn > Pb > Cu > Cd in both seasons. Seasonal dissimilarity in metal
concentrations was due to variation in wind strength, wind direction, relative

humidity temperature and anthropogenic activities at sampling sites.

2.7 MATHEMATICAL MODELING OF HEAVY METAL LEACHING

A number of mathematical models explaining mechanical and/or
physiochemical leaching of heavy metals from non-stabilized and/or stabilized
forms are available in literature. Bishop [66] studied the long term effect of heavy
metals leaching from solidified/stabilized matrices. Using diffusion based model

shown below, we simulated a series of up-flow column leaching tests.
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Ee) () =2(2)" 0" ®
Where:
a, =Contaminant loss during n™ leaching period (mg)
A, =Initial amount of contaminant present in the specimen (mg)
V =Volume of specimen (cm?)
S =Surface area of specimen (cm?)
t, =Time to end of nth leaching period (sec)
D.= effective diffusion coefficient (cm?/sec)

For a linear leaching rate over the leaching period, Bishop [66] suggested the

following equations to decide the effective diffusion coefficientD,:

po=n() (2) (3) (0 -%) @
Where

At,, =duration of n™ leaching period (sec)

(tn - A%) = elapsed time at the middle of leachant n™ renewal period (sec) and

the leachability index, LX:
LX =3 %71log () (3)

The leachability index was applied to evaluate the relative mobility of different
contaminants on a ‘uniform scale that differes from 5 (D, = 10°cm?/s, very
mobile) to 15 (D, = 10™, immobile)’. Simulation results indicated that the
diffusion coefficients did not stay constant and changed with time as the
speciation of the metals changed to more soluble forms. Other important factors
affecting the leaching rate included: particle size (surface-to-volume-ratio in

particular) leachant velocity and acidity.
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Cheng and Bishop [67] have argued that leaching mechanism in the pozzolanic-

based solid matrices is regulated by the free H" accessible in the leachate.

Measuring alkalinity of leachate, they suggest that H* ions penetrate inside the
solid matrix and reduce the effect the alkalinity generated by the binder in the
leach facade. As the pH drops due to H* penetration, the metals precipitated at
high pH environment dissolve and diffuse away into the leachate. Considering
untimely phases of leaching, an ‘unsteady diffusion with fast chemical reaction’,
authors developed a kinetic leaching model to be used for prediction of the acid
diffusion in the pozzolanic-based paste. Diffusion from a solid with constant
surface concentration in a semi-infinite medium having initial zero concentration,

was shown to be proportional to the square root of time [68] and involves a single
dimensionless parameter: z/,/4D,t, where zis penetration distance and D, the
effective diffusion coefficient. The concentration of diffusing substance C(z, t)

and the flux of diffusion J(z, t)are given by:

C(z,t) = Co(1 — erf(z//4D,t)) (4)
J(z,t) = Co(/De/mt)exp(—2z*/4D,t) 5)

The mass balance of H* in a small shell within the solid can be written as:
Hydrogen ion H* diffusion in amount H* produced accretion out by chemical

reactions

(Hydrogenion) _ (H+ dif fusion in) + (amount H* produced) (6)
accumulation —out by chemical reactions

In differential form:

6CH _ i aﬁ _ aef(CH)
ot oz (De 9z ) at )

Where 6 is the density of the sample with mass/volume unit and f(Cy)is acid
neutralization capacity (ANC). Assuming constantD, and 8, with f(Cy) = KCy,

and using the boundary conditions:

Cy(z,0) =0 Vz
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Cy(0,t) = Cyfort >0
Cy(z,t) =0 forz= o (8)

The solution was given as:

Cu(z,t) = Co(1 — erf(z/(1 + 6K)/\/4D,t)) 9)

J(z,8) = Co(/De (1 + 0K) /mt)exp(—z2(1 + 6K)/4D,t) (10)

Equation (9) was used to find the H* concentration at any given distance and given

time.

Batchelor [69] developed a ‘numerical leaching” model which considered
interactions between calcium (as a measure of the alkalinity of the treated waste),
hydrogen ion, lead (as the contaminant that can precipitate as hydroxide) and
acetate (as a measure of acidity of the leaching solution). The model was applied
to a rectangular solid of finite thickness containing contaminant, held in an acidic
bath of finite volume.

The diffusion path for the molecules through the solid was assumed on the
order of half of the pore radius and that for the molecules in the liquid was taken
on the order of half of the pore length. The model assumed presence of two solids
(Ca(OH),, Pb(OH),), six soluble species (Ca?*, H*, Ac,, Pb*, OH", HAc) and
reactions between them (providing the equilibrium constant for each reaction)
Equation (11-14):

H,0 & H" + OH™ Log K,, = —14.0 (11)

H* + Ac™ & HAc Log Kyue = 4.76 (12)

Ca?* + 2H,0 & Ca(OH), + 2H* Log Kcqomy, = —22.675  (13)
Pb%** + 2H,0 & Pb(OH), + 2H* Log Kppony, = —8.15  (14)

Writing a material balances relating the total concentration of each species
per unit volume (T,s) to the concentration of contaminant in mobile phase and
assuming the Fickian diffusion with local chemical equilibrium, resulted in
Equation (15).
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0Tss 9%Cm,
at € ax2

(15)

To simplify solving this equation, Batchelor [69] defined the concentration in
mobile phase in terms of total concentration of each species using a factor G,
representing mobile fraction of the species.

0Tss _ 9%(GTss)
at ¢ gxz

(16)

A modified Crank-Nicholson algorithm was employed to solve the dimensionless
form of Equation (16) numerically. The model predictions agreed with those
obtained analytically for infinite bath conditions.

Hinsenvel and Bishop [70] used Fick’s bulk diffusion model to determine

contaminant leaching out of solid form:

o _ pn 0%
at € (ax2)

(17)
Where:

D, =Effective diffusion coefficient, corrected for porosity and tortuosity (cm?s™)
C =Concentration of the contaminant (g cm™)

t =Time (sec)

x =Distance (cm).

Equation (17) was solved for contaminant concentration profile in a specimen as a

function of dimensionless time, which can be used to determine leaching rate:

Clx,t) = 3Coerf | —] (18)

4Dt
where:
C, =initial contaminant concentration in the solid

erf =standard error function
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x =distance into the solid
t =leaching time.

Baker and Bishop [71], based on research that showed leaching of contaminants is
a result of the dissolution of the outer shell of the waste form which then results in
a solubilisation and release of contaminants from the leached shell, modelled
contaminants release using shrinking unreacted core (SUC). They used acid
exposure, rather than time, as the key variable in evaluating leaching behavior.
Acid exposure is defined as ‘the amount of acid a specimen is exposed to under
acidic conditions’ which is equivalent to the acid concentration X time/volume.
To compensate for the change in acid concentration over time, the authors define

the exposure integral, I(t), as:
I(t) = [, C, dt (19)
Where

C, is the average acid concentration.

For flat specimens, this is simply the acid penetration depth (APD) and for
cylindrical or spherical shape specimens, conversion is a dimensionless number
relating the original specimen radius to the core radius. Under the leached shell
diffusion limitation, the conversion, as measured by acid penetration depth (cm),

has been shown to follow the relationship:

Z JZDQS(CHL CH C) (20)

where:
D, = Effective diffusion coefficient (for acid species)(cm’s™)
Cy; = Hydrogen ion concentration at the liquid interface (kmole m)

Cy . =Hydrogen ion concentration at the liquid core boundary (kmole m>)
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B. =Acid neutralization capacity (ANC), the quantitative capacity of cement to

react with a strong acid to a pre-determined pH, (k mole eq m™)

Assuming the H* concentration at the leaching front is much less than that in the

bulk liquid, the exposure integral , Equation (19), can be substituted into Equation

(20) to give:
{ = ’ZDQB_SC’(” (21)

The authors corroborate validity of their formulation studying ‘the behavior of
real-world’ solidified wastes.

Halim et al. [72] simulated the leaching of Pb, Cd, As, and Cr from cementitious
wastes. Four different matrices were examined namely calcite, portlandite,
calcium-silicate-hydrate (C-S-H) matrix, and the free metal compounds. The

model used the following equation to describe the dissolution rates of these

am
- = 50x10%*ksystemA(C1ay+ + C2am,c0, + C300n- — C4lcqz+Acoz- + Cs) (22)

Where:
am . ) .
— =Dissolution rate of each matrix

ksystem = Constant
A = Surface area of the matrix (in m?g~1of waste)
A+, A, 050 QoH™) Aea?+) Aeoz- = activities of H*, H,C05,0H ™, Ca®*,andC03~

By using both kinetic terms and equilibrium thermodynamics of key compounds,
the model provided information on leachate and precipitate speciation. The model
predicted leaching of Pb, Cd, As, and Cr from cement and indicated that Pb and
As were predominantly incorporated within the calcium-silicate-hydrate matrix
while a greater portion of Cd was seen to exist as discrete particles in the cement
pores and Cr (V1) existed mostly as free CrO,* ions. Schiopu et al. [73] used
PHREEQC united with the Lawrence Livermore National Laboratory (LLNL)

thermodynamic data base, to model and simulate leaching from concrete under
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outdoor exposure conditions. The model was tested using experimental data.
Assuming that in a porous monolith like the concrete slabs, diffusion is the main
transport mechanism in the solid, for each chemical element o of

concentrationCY°"¢s in the pores water, the mass balance equation is:

ac(l;ores _ azcgores N asg'%res 23
ot ¢ az2  An=l g (23)
; SPOT@S > 0 d CPores > Csat—Pores th asg.%res — R
if Sg% ¢ = 0and C, 2 en ——=Rqpn
aSPores
else: 0(;: = (24)

where
SE£ores is the concentration in the pore water of the element « in a solid phase n,

csat-Pores js the saturation concentration in pore water, and D, is the effective

diffusioncoefficient. Equation (23) is solved subject to boundary conditions:

aCOI;’OTES _
= =0 (25)
at the bottom face, z = 0Oand:
interface .
D, 9C, — ) — kSL(CcheaChate _ C;{nterface) (26)
zZ=

at monolith/leachate interface, z = h.

For demonstrating the role of soil in ecosystems, various models of diverse
heavy metals transportation and sorption in this matrix have given. The most
famous sorption models are categorized into two main groups:

a) Models, which do not comprise this interaction
b) Models, which takes description of bonding and electrostatic forces.
In classical models remained to second group sorption process was depicted by

Langmuirs isotherm:

_ bKC
U™ 14K.C

(27)
Where :
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S; =Concentration of sorbent in solid state;
C =Concentration of solution in equilibrium;
K =Equiibrium constatnt;
b =Capacity of monolyers;
Or
Freundlich isotherm:
S;=K.cY/n (28)
Where n is constant.

Laboratory calculations on simple system

Expression of results in common form

Model selection

Data fitting

Extraction of perameter values

Calculate perameters in different conditions

Test predictions

The modeling cycle according to Hestenberg et al. [74].
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Chapter 3

Model for Heavy Metal Transport

in Soil
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3.1 INTRODUCTION

Transport phenomena refers to the study of the motion and balance of
momentum, heat and mass. To make a calculation for heavy metal concentration
in terms of time and space through partial differential equation is required. In the
process of continuation it is concerned with boundary conditions. To regard the
field as the unit of same properties pertaining to traditional numerical modeling
approach is suitable for dispersion-convection equation in relation to saturated-
unsaturated soil.

In terms of space coverage fields in connection with laboratory soil
columns expose hydraulic characteristics as in (K;). The traditional approach is
not beneficial but despite of it actual heterogeneous field is considered almost
suitable pertaining to vertical homogeneous columns having distinctions in
hydraulic characteristics. As a consequence of it, heavy metal transport will be
different from profile to profile relying on local merits. So far as practical term is
considered one is neither enthusiastic nor able to calculate the solute
concentration at each point of the field is interested. Considering the hydraulic
characteristics for example (K;) as random, water content (6), flow velocity
(V = q/0), that is why solute concentration are related to characteristics by their
PDF. So logical result is that transport model differs from traditional one
described in [1].

3.2 MATHEMATICAL STATEMENT OF TRANSPORT PROBLEM
Soil characteristics are considered to be uniform along the vertical (but are
different in the horizontal) plane, and flow is vertical. The soil lies at the bottom
of plane x, y and z, a vertical coordinate, directed downward. Let g be the vertical
flux, 0 the soil moisture, ¥ the suction head, and K the hydraulic conductivity.
The one dimensional Richard’s equation for 0 is:
80 9 [, dVa0\ oK
ot (K5) +5, =0 M
Many analytical representations that fit measurements with several degree
of success have been suggested. The type of relationship of [1] is accepted here,

as
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= (Re)” @

Ks ¥
5= = () ®3)

Here K, is the hydraulic conductivity at saturation, W¥,, is the air entry
value. S is the reduced water content (saturation), 8, and 6,. are moisture content

for saturation and for K— 0, respectively, and n and g are constant, empirical

coefficients (n ~ 2.0 —3.5,8 ~ 0.25 — 0.5,% ~ 7.2). Thus, the soil hydraulic

merits are characterized by the six constant 6, 6,-, ¥, K, and 3.
In line with many studies of the PDF of K, it is considered that it is related to
scaling parameter &, which is, in turn, lognormal, that is,

Y=Inéd 4)
and its PDF f is given by

1 Y—my)?
Fr(V) = =i, exp ( m”] (5)

208

The relationship between K and 6 is obtained as from same determinations about
the microscopic flow equation,

ke=Ad®> or  K/?=2Y2d and E[K,?] = 2/2E[d]
Where d is the characteristic length of the pores and A is the proportionality
constant. If we define § by 6 = d/E[d] then

K;/Z _ 11/24 _ [&]1/2
E[ky?]  avzelal - Ll

or

Ks _ o2

=9 ©
Where

* 1/241% 0 1/2 2
K; = [EK;'D] = [/, K'°f (Ko)dKs] (7)

For some problems we do not need the velocity profile or information
about the details of the transport to get the information we need. For these
problems we do macroscopic balances. There are three types of macroscopic

balances: mass, momentum, and energy. Here we take macroscopic mass balance
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equation governing heavy metal dispersion in one-dimensional transport through a
homogeneous column may be expressed as

ac ac a%c
wtVa =Dz

+ 22 (6D, 5) (8)

Where C is the heavy metal concentration, 6 is the volumetric water
content, z is the vertical coordinate positive downward, t is the time, D;, is the
mechanical dispersion coefficient, and D,, is the effective molecular diffusivity for
a static fluid in the soil system. A rough approximation for D, is (2/3)D,,
where D is the diffusivity in the solution phase. It is considered that 8 = 6(z, t)
and the pore velocity, V(z,t) = q/0 (where q is the specific discharge), are given
solutions of the flow equation independent of C. The concentration C is made
dimensionless with respect to the difference between the initial concentration in
the soil. Hence, C varies between zero to unity. For flow through saturated media
(6 = 6, = constant), it has been exhibited that under quite general conditions [2-
3]

D, = AV 9)
in which A is the dispersivity for longitudinal dispersion. Equations (8) and (9) are
adopted, although with some reservations as authentic for unsaturated flows [4-5],
with values of A that differ in the range of 0.1-3 cm for most soils [6-7].

Equation (8) refers to soil lying in the horizontal x, y plane and beneath
z = 0 with z positive downward. Salt transport takes place due to application of
recharge q, on the surface, at the soil moisture content 8, and at the pore water
velocity V. It is considered that instead of heterogeneity and eventual nonuniform
application, transport is vertical. This hypothesis is bound to be quite precise for
the upper layer of thickness on the order of 1 to a few meters. Furthermore by [8],
that the length scale characterising the variation of hydraulic properties in the x,y
plane is much larger than the depth and, henceforth, lateral transports are just
small compared with the vertical transport. So problem is solved significantly, and
derivatives with respect to t and z are preserved in the solute motion equation
(Equation 8).
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3.3 STOCHASTIC APPROACH TO STUDY TRANSPORT OF SOLUTE
UNDER GRAVITY

The simplest solution of Equation (8) is calculated for uniform transport
(i.e.,V = constant and 8 = constant) and for initial and boundary conditions: C =
latz=0, C=0at=0 z>0, in a column extending along z > 0.
Subsequently, the next simplifying assumption is that the transport of salt is
steady, that is, the vertical specific discharge g does not depend on zort (q is
constant in each profile, but differs in the x, y plane). This can be acceptable after
the short time required for the wetting front to move away from the soil surface
has passed, and if the recharge q, does not alter with time in the period.

Under these conditions, the dispersion-convection equation (Equation 8)

becomes
XivE=pZs (10)
with V and D independent of z.
Under these assumptions and for boundary and initial conditions,
c=1 z =0, t>0
1)

c=0 z>0, t=20
The concentration profile of a noninteracting solute is explained by the solution of

Equation (10) confined Equation (11) as follows:

Z—Vt)
2+/Dt

Where C is the dimensionless concentration and D = D,, + Dj,. The estimate given

C =(0.5)(1 —erf (12)

by Equation (12) is valid for t > D/V? Furthermore, D,, is normally negligible

compared with Dj,.

Although for a homogeneous column V and D are constant, in a heterogeneous
field they vary with x and y, so this variation is observed as random and the real
field is considered as a realization of an ensemble of fields with the same
probability distribution functions (PDF) of the variables of interest. Additionally,
it is considered that these PDF are statistically stationary, and under exact ergodic
assumptions the whole averaging and space averaging in the given realization

over X, y plane are equivalent. Returning now to Equation (12), C is a random
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function of the random variables V and D (because of the random nature of V and
0), and it depends certainly upon z and t. Hence, the value of C cannot be judged
deterministically, as it relies on the random variables V and 6. The main purpose
is to calculate f(z,t; C), the PDF of concentration for fixed z and t or the related

cumulative probability:

P(z,t;C) = [ f(z,t;C)dC (13)

Where P is the probability that C < A at depth z and time t.
Under the ensemble and space equivalence, P represents the ratio between
the area of the field whose solute concentration is less than A, and the total area, at

given z and t. The first moment, the average, is given by
1 1

E[C] = fole(C)dC=f0 CdP = [CP](l)_j;

1
PdC=1—f pPdcC
0

Hence, the expectation

E[C(z,0)] = [} Cf(2,£;€)dC =1 — [ P(z,t;C)dC (14)
is the average concentration of the field at depth z at time t. If the field is viewed
as a imaginary equivalent homogeneous column, then it is logical to consider
E[C(z,t)] as the concentration in the equivalent field. The variation of C over the
horizontal plane is characterized by the variance, the second central moment

which is extracted as follows:

2 _ Y — Y
ac_jo(c 0)2f(C)dC fo(c C)2dP

1
= [(C - C)2P)} — zf (C — C)PdC
0

_ AN 2 1 = rl
=(1-0)?-2f cPdC+2C [, PdC
Putting the value of E[C] from Equation (14) for C, yields

1
o2 =(1—C_)2+ZC_(1—C_)—2J CP dC
0
—1_7/2_o1
=1-C*-2[ CPdC
Thus, the second moment, the variance of C(z,t), is evaluated with the aid of
P(z,t; C) from
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02(z,t) = [, (C — O)*f(z,t;C)dC
(15)
1
=1-C2- zf CP(z t; C)dC
0

A measure of the symmetry of the distribution of C about its average is given by

the skewness,

Ve(z,t) = [, (C =€) f(z,t; C)dC
(16)
=(1-0)?=2[,(C—C)?P(ztC)dC
The randomness of C satisfying Equation (12) stems from that of V and of D (D
being in turn a function of V and 8). Hence, the moments of C are calculated with
the aid of the PDF of these two variables (because C is a function of V and 9).
The randomness of C is related with the boundary and initial conditions in
addition to its dependence on the variability of the soil variables. In the case of
steady gravitational flow, which is the practical case of leaching applied on the
soil surface, the rate g, (Equation 10) is also a random variable denoted by R and
characterized by a PDF f(R). A simple authentic approximation to the PDF of the
random variation of the recharge density R with X, y is the uniform PDF:
f(R)=0 for R<R—dg and R>R+dy
(17)

f(R)=% for R—dy <R <R+dg
R

defined by the two parameters R and dy so that the PDF of R is constant in the
interval of width 2d around the average R. In the case of rainfall over the field,
dp is very small, but for many cultivating methods or rainfall over large areas,

dr/R may be quite large.
3.4 CONCENTRATION DISTRIBUTION

If dispersion is taken as unimportant in problems of solute displacement, an

approximation [9] for solute transport can be explained by ignoring the diffusion
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and dispersion terms in Equation (8). Then the convection equation without
diffusion-dispersion can be explained for any g = V6. Hence, C is constant for

dz _ q(zt)
dt ~ 0(zt) (18)

and for steady uniform transport, C is augmented along fronts of the equation
z= (%) t + constant = V't + constant (19)

For the boundary and initial conditions indicating to Equation (12), the value of C
from Equation (19) is given by the simple expression

C(z,t) =H{Vt—2z) (20)
where H is the Heaviside step function (i.e., H(x) =0forx < 0,H(x) =
1 for x > 0). Equation (20) is also the limit case of Equation (12), for D —
0 signifying a sharp front, separating the area with ¢ =1 from C = 0, which
moves downward at constant velocity V. Now Equation (8) can be solved for
specified 8 and V in terms of z and t at any given point of coordinates x and y in
the field. Equivalently, in the statistical methodology, V and 6 are functions of the
random parameters characterizing the field (e.g.,¥.,,n, B, 65.,6,, Ks) and random
parameters characterizing the transport (e.g.,qo = R, t;, 8,,).(To simplify, K has
been singled out as the only stochastic parameter representing the field spatial
variability, and R is the only one representing the transport at the boundary.)
Hence, the concentration outline on the coordinates x and y, which is random and
can be expressed in terms of the frequency function (PDF) f (K, R ...,). To derive
explicitly a solution for the concentration probability distribution in a spatially
variable field for steady gravitational transport, a steady recharge R with PDF
(Equation 17) is assumed. If R is applied for a enough long time, a steady
transport is acquired in each profile such that the transport is gravitational with
constants 8 and V. At any point in the field, one of two situations are arise:
(1) if R = K, then in that area of the field, the transport is saturated, and with
neglect of additional head on the surface (i.e., for unit gradient), Darcy's law
yields

V = Ks/6s (21)

(2) for R < K{, the soil is unsaturated and the velocity is given by

v=5"" and K(6)=R 22)
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Substituting Equation (6) into Equation (21), and Equation (2) & (3) into Equation
(22) and inserting Equation (4) in Equation (6), outcome for Equations (21) and
(22)

V = K exp(2Y) /8, for [R > K. exp(2Y)] (23)
R 20Y N
V= % for [R < K exp(2Y)] (24)

Where w = /7. It can be exposed that since 6, « 6 dropping 6, from Equation
(3) would have a negligible effect upon the resulting V in Equation (23). The two
expressions, Equations (23) and (24), incorporate the entire kinematical
information needed in order to solve Equation (8) for this simple transport
configuration. In Equations (23) and (24), V depends on the deterministic
parameters K; and 6, and on the random variables R and Y, the PDF of which
may be approximated by Equations (17) and Equation (5). The cumulative
probability distribution of V can be computed in a general method from

P(V)=[dY [f(R Y)dR (25)
Where f(R,Y) is the joint probability density function of R, Y and the integration
region in the double integral depends on V and Y through Equation (24) and (23).
Because the recharge R and K, are independent variables, then

fRY) =fRf(Y) (26)

With f£(Y) and f(R) given by Equation (5) and Equation (17), respectively. The
cumulative probability P(V) are calculated in an analytically solution of Equation
(25) when f(R,Y) is substituted from Equation (26).

In the simplified transport model, the concentration (C) depends on the
velocity (V) through Equation (20), from which C can be zero or unity. Thus, for
givenzandt, ifV>z/tthenC =1, butif V < z/tthen C = 0. The PDF of C is
therefore represented by two Dirac distributions at ¢ = 0 and € = 1 [10], so that

the regionat C = 0 is

P(e) = P(V < z/t) (27)
Conversely, theareaat C = 1 is
1-P(V <z/t) (28)

Where & — 0. Substituting V = z/tin Equations (22), (23), and (24), the
cumulative probability Equation (27) or (28) is calculated. Since P(z/t) gives the
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ratio for a given t and at a depth z between the region of a field for which ¢ = 0
and the total region, the average concentration (C) over the field is given by

C(z,t) =1—P(z/t) =1—-P(V) (29)
Physically, C is the ratio between the area of the field for which € = 1 and the
total area of the field. This is because in this simplified transport model, the
concentration front separating the zone of C =1 from the zone of C =0is a
surface propagating downward at velocity V = z/t, which changes from profile to
profile due to the variability of K (orY). At the soil surface (z = 0), the
cumulative probability P(V = z/t = 0) = 0 and therefore C = 1, but on the other
side, at large z and small t, P(z/t) = 1 and therefore C = 0. At intermediate z
values of C(0 < € < 1) can be calculated.

To measure Average Field Concentration C(z,t) from Equation (29), the
cumulative probability P(V = z/t) are computed by Equation (25) (with
Equation (26) substituted for f(R,Y)) with the complete field of integration
—00 <Y <oo,R—dg <R <R+ dg.The complication raises in calculating C in
analytical form, and therefore we get the lengthy equation of C. Consequently, we
divide the calculations into two different expressions at

Y = 0.5In(R/Ky)

The end points are at

Rodr  and ¥ = 0.51n 7R

* *

S N

Y = 0.5In

For the range of recharge rate R — dg < R < R + dj, there are generally

three cases:

(1) V < (R — dg)/#6; so that Equation (23)
Y <Y, = 0.5In(VO,K?) (30)
(2) V > (R + dg) /6, so that Equation (24)

VOs(R/Ks)®

Y<Y; =(1/2w)In (31)

With
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Yy = (1/20)In[VOs(R — dg) ™ (K5) ] (32)
And if Y, > Y, then
Yo = (1/20)In[VOs(R + dg)* ™ (K5)~*] (33)

(3) Transport velocity is within the entire range of R, that is, (R — dg) /0, <V <
(R + dg)/0s.

To develop expressions for P(V) in each of these three cases, normal PDF f(Y)
from Equation (5) and uniform PDF f(R) (Equation 17) are substituted to
Equation (26) and then to Equation (25) and are integrated over the relevant

domain. For this integration, we use the following auxiliary formulas:

f_AOOanf(Y)dY = 0.5exp(amy + o Y)(l + eTfA “UY my) (34)
fA Y £(Y)dY = 0.5exp( + A—ao} —my
e = 0.5exp(am
g e oy
—er fB aoY my) (35)

This outcomes for the above-mentioned three cases the following expressions:
(1) ForV < (R — dg) /6,

R+dpg

P(V) = [ R dR [ dY F(R)F(Y)
Which gives, after integration, using Equation (34) witha = 0

P(V) = (0.5) |1+ erf\/_—Ki (36)

(2) ForV > (R + dg)/6s,
P(V) = [i 2R dR [ dY F(RIF(Y)
o dR [T dY FRIF() + [, dY [ dR F(V)f(R)

Which gives, after integration, using Equation (34) for the first term on the right-

hand side and Equation (35) for the second term,

R — de fo —my fY — myl

P(V) —05[1+ fY“_mYl—l
= U. er \/EO—Y

4dR \/EO-Y \/_O-y
V6 /(1—w) 2wmy 2w-oy
+ 0.25dg (K*“’) [exp[ ] l(l—w) ”
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Yp—-my+Qwoy)/(1-w) Yo-my+Qwof)/(1-w)
x[erf TZor erf 2oy ] (37)

Where Y}, and Y, are given explicitly by Equations (32) and (33), respectively.
(3) For (R —dg)/0; <V < (R + dg)/8s,
P(V) =
R+dpg R(Y)
= L_dR dR f_de f(RYF(Y) +f de dR fMFR)

Which gives, after integration, using Equation (34) and Equation (35),

o]~ [ lert i - e

() (32) " o[- 2] 2]

Yp—my+QRwo)/(1-w)  Y,-my+Qwa)/(1-w)
lerf e erf o (38)

Where Y, is given by Equation (30).

P(V) = 05[1+ erf22

In the particular simple case of uniform transport, that is,
dR = O(OTSR = dR/E = O),

C=051—er M] for (£ <1) (39)
= 0.5w) In(ér®~1)—
€ =05[1+erf& ”jE;Y =] for (£ > 1) (40)
Where
£ = ff(’ r=R/K!, and Sp=dp/R (41)

are easier dimensionless forms. Equation (41) enable to calculate the value of C,
from Equations (29),(36), (37), and (38) in terms of the dimensionless variables

&, r and Sk and in addition to my, oy, and w.

3.4.1 Results
Average concentration profiles C(z,t), for the transport of heavy metals,
derived by Equations (1-41). The values of the parameters, K, my, oy, and w for

the soil are given by [11]. So, evaluation of C(z,t), is straight forward for any
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combination of r =R/K;and Sp = dg/R, characterizing the average and
variance of the rate of application and of the soil parameters describing the

transport.

]

o

(B)

Figure 1: Average concentration profile C as a function of & =

z0g

= for one value
tK3

of the dimensionless application rate (r = R/K;) for deterministic (S = 0) and

stochastic (Sz = 1) rates. (A): for the soil of Jaipur area, (B): for the soil of Kota

area.
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Assume first the simplest case of Sz = 0 (i.e., deterministic uniform
recharge on the soil surface). In this case, the concentration profile for the zone
extending from the soil surface toé =r (i.e.,§ < r) is described by Equation
(39). This is demonstrated by the curves lying above the breaking points. In this
area, which lies between ¢ = 0 and & = r, heavy metal transport is controlled by
the saturated flow. For the area in which & > r, the C(&) profile is given by
Equation (40), which relates here to the unsaturated flow. Therefore, Sp =0
curve differs mainly in the location of the breaking point of change of shape of the
profile at £ = r and C (&) profiles for other values of r can be obtained easily by
translation. For cases where Sz > 0, the C (&) profiles are calculated by Equations
(36) through (38). The curves are smooth as C, at a given depth, is influenced by
front translation either in the saturated or in the unsaturated area because of the
altogether but independent, variation of K and R.

Thus for a given Sy the transport of heavy metals spreading over the
complete field is greater for large values of r than for small values. This is
because a larger portion of the field has greater value of r and hence the saturated
transport plays a dominant role. So in this region, the front velocity varies in a
wide range because of relatively high K variation. In contrast, in the unsaturated
part of the field, the variation of V depends on 8 (Equation 22), which varies less

widely than K.

3.5 CONCENTRATION DISTRIBUTION FOR DISPERSIVE
TRANSPORT

To relate the variables V and D in Equation (12) to the spatially variable

soil characteristics and the rate of application boundary conditions, the stochastic

steady transport velocity (V) is determined from previous Equations, also the

dispersion coefficient (D) in Equations (8) through (12). Taking Equation (9) as

the representative expression for D(V), the soil parameter, A, i.e., the dispersivity,
fits lognormal distribution [11]. Hence, if we define u as

u=1Ina (42)

Then f(w) is given by Equation (5) after substituting Y by u with the

statistical parameters g, and m,,.
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Now C is a function of V and A (Equations 9 and 12), which, in turn, are functions
of Y, R, and u (Equations 17, 21, 22, and 42). The PDF of C can then be written in
a general manner
f(CO) =f(Y,R,u)dYdR du (43)
Furthermore, Y, R, and u are taken as independent random variables. This is
obvious for R and the two others, but it is less probable for Y and u, which are
both soil characteristics. Thus, Equation (43) becomes
f(OdC = f(NfR)f(WdYdR du (44)
with £(Y), f(R) (Equation (17)), and f (u) similar to f(Y).
To sum up the procedure in principle, the input parameters of the problem
are oy, f3,6.,0,,dgr, my, Dp, K:, R, o, and m,. They define fully the random
variable V by Equations (17), (21), and (22) and, therefore, f(C) (Equation 44) is

defined by them as well.

3.5.1 Computational Procedure

To simplify the computations, only two of the three variables Y, R, and u are taken
as random and the third one as deterministic. The fundamental function to be
evaluated is the cumulative probability of C (Equation 13). In the first case in
which Y and u are random though R is deterministic and equal to R, P(C) is given
by the combination of £, (Y) and Equations (13), and (44),

P(z,t,C) = \/%Uu ” exp [— HoTp) ] f_oo

WhereY = Y(z,¢t;C,u, R).

ex p[ Cim mY) ]da (45)

2moy

By integration once over a, Equation (45) becomes

)y — 1L o0 _ (um-my)? Y (z,t;C,u,R)—my
Pt 0) = 57 f_mexp[ bom “1+e pretestomy 4 (46)

so that P is evaluated by a quadrature that has to be carried out numerically.
Similarly, for Y, R (random), and A = A (deterministic), by Equations (13), (17),
and (44)

R+dp Y
P(z,t: C) =f f(R)dRJ FOY) dY
R—dpg -0
:4; R+dR [1+ fY(ZtCHR) my]dR (47)
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Again P is calculated by a numerical quadrature with small truncation error.
The function Y(z, t; C, u, R), which appears in Equations (46) and (47), is given
by inverting Equation (12) after replacing Equation (9) for D, as follows:

Z-V(RY)t

m = ¢(C) (48)
Where
¢(C)=erf1(1-20) (49)
From Equation (48), which is a quadratic equation in V,
V = [z +2¢?1—2¢{/Az + $?22 + D, t}] /¢ (50)

This can be written also with the help of the dimensionless variable & = z6, /tK;.

substituting t (Equation 41) as follows:

Ks§ N Ks§
0,  zOq

Dy,z0;

V=
Ks$

2022 — 2¢\//12 + 222 +

With these preliminary steps, the computation of P(zt;C) is carried out as
follows:
a. Given values of z,t, C (i.e., ¢ of Equation 49), D,, A = exp(u), and R are
substituted in Equation (50) to get V.
b. To evaluate which one of the two relationships Equation (21) or (22)
holds, V is compared with R/6s, which is the value demarcating
unsaturated transport (Equation 22) from Equation (21). If V < R/6;,

transport takes place and Equation (21) is effective. Then,

Ks _ Ksexp(2Y)

V =
Os 05

(51)
Or
Y = (1/2)In(V6,/K) (52)
If V> R/6,, the transport is unsaturated, Equation (22) is valid, and
V =5=R/[6: + (R/K;)®(6s — O )exp(—20Y)]  (53)

or

A, RW-6

¥ = e M &ie @s—ory

(54)

Hence, for given Ky, 6,, 6, and w, Y (z, t; C, R, i) is determined from Equation
(52) or (54).
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c. This value of Y is replaced in Equation (46) with R = R or in Equation
(47) with 1 =21, and P are evaluated by numerical integration by
augmenting the values of x or R by small increments.

d. Once P(zt;C) is calculated numerically for a set of C values, several
moments of C are found from Equations (14) and (15) by an additional

integration over C, in Equation (46) or (47).

3.5.2 Results

To demonstrate the capability of the model P(zt;C), computations from
Equations (46) and (47), the curves of cumulative probability P(z,t;C) have
physical clarification. They characterize the area of the field relative to the total
area, which is at a concentration smaller than C at depth z and time t. For these
computations, values of my,o, are adopted from [12]; and the values of
my, 0, and A are calculated from [7, 14] as

m, = 0.41,0, = 1.17, and A =3 cm, 0, = 0.43,K; = 0.22cm/hr,Sg = 0.

The curves P(z,t; C) in Figure 2 have physical interpretation. It represents the
area of the field relative to the total area, which is at a concentration smaller than
C at depth z. After evaluating P(z,t; C) the average concentration distribution
C(z,t), the variance a2 (z, t), and skewness y.(z, t) are computed from Equations
(14), (15) and (16), respectively, by numerical evaluation of the integrals. Several

combinations of the parameters »r = R /dg, K& and S, = d /R can be used
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Figure 2: Cumulative probability P(z,t; C) as a function of concentration C, for

various z in cm. A: for the soil of Jaipur area, B: for the soil of Kota area.
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The moments describing the function f(z,t; C) by Equations (15), and (16) are
given in Figure 3 for two soils: soil of Jaipur area and soil of Kota area.

The second central moment: the variance of the concentration oZ(z, t), being
analysed in Equation (15). It describes the degree of variation of the concentration
of salt over the horizontal plane at a depth z. The third central moment, the
skewness, being evaluated by Equation (16). Being a measure of the symmetry of
the distribution about its average value, the deviation of the skewness shows that
the distribution of C(z,t) in the X,y plane about C(z,t) is not symmetric. In
addition, since the values of y.(z) are always negative, the distribution of C(z, t)
Is skewed to the left. Also, maximum skewness is connected with maximum
deviation and y. is zero at z = 0 and disappears for large depths. The whole
statistical information about the concentration distribution is given by curves in

Figure 2 and 3.

3.6 STOCHASTIC TRANSPORT IN NON-STEADY VERTICAL FLOW
Here a stochastic approximate model of transport of heavy metals in a
spatially variable field is established. The model is undertaken by the following
principles: the transport of metals is vertical, spatial variability takes place in the
horizontal plane, variability is connected with the saturated conductivity,
deterministic uniform recharge is applied on the soil surface during t < t; and the
soil is with uniform 6 = 6,,. Solute concentration prior to leaching (C,) is
uniform, whereas water with uniform concentration C, > C,, is applied at the
surface during 0 < t < t;.The purpose is to calculate the expectation E(C) and
the variance ¢# as a function of z and t under these conditions. For this purpose, a
simplified model of salt transport are formulated to calculate mean concentration

and its variance in a spatially variable field.

3.6.1 Derivation of Approximate Solution of Salt Transport
For vertical one-dimensional transport of deterministic pore velocity V(z, t),the
equations of transport (Equations 8 and 11) for an inert solute can be given as

follows:

ac _ a .. ac

Friaiew Cle (55)

ac
E-I_V
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C=0 t=0 z>0 (56)

C=1 0<t<t; z=0 (57)
ac
E_O ti<t z=0 (58)

Assuming that the actual moisture content profile is substituted by one of
uniform 8 = 8 or S = (8 — 6,) /(65 — 6,) extending from the soil surface z =0
to the equivalent front z = L, while ahead of the front (z > L) the moisture
content has the initial 6,,. In the stage of transport with constant recharge q,
applied on z = 0 and for redistribution as well, V = /0 = q[S(6; — 6,) + 6,] is
also constant in the profile and depends on t. Thus, the equations satisfied by the

concentration C, replacing Equation (55), become

ac = ac 0 ac
E+V(t)a_z=£(0a_z) 0<z<lL (59)

To simplify the problem further, V is related to L by the equation

V(t) = dL/dt (60)
which is exact in the gravitational, late stage of leaching. Equation (60) is quite
accurate even at the beginning of the leaching process. Another simplification is

attained by ignoring the molecular diffusivity term so that Equation (59) becomes

dL dC dL d%C

R e 0<z<L (61)

Carrying out the of variables

{=z—L(b); r= [ 2L gy (62)

0 Amax at’
gives C(z,t) = C({, 1). replacing Equation (62) into Equation (61) yields

ac _ 9%c
E_ maxﬁ

—L<{<0 (63)

while the initial and boundary conditions for Equations (56), (57), and (58)
become, respectively,

C=0 =0 (>0 (64)
C=1 (=-L@) (65)
ac

%=0 t>t (=-L (66)

In the moving frame ¢ (Equation 62), the problem is therefore of heat
conduction with conditions in Equation (65) or (66) along the moving boundary

¢ = —L. An additional boundary condition required in order to solve Equation
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(63) is the existing at the front z = L,{ = 0. In a numerical exact solution of the
transport problem, the suitable condition is ?,—2 = 0 for z = Lp(t). However, by
the definition of L, the equivalent front is above the real one, (i.e., L < Lg).Hence,
it is considered that the condition g—j = 0 applies sufficiently far from z = L to

justify accepting for C the solution pertaining to a vertical column of indefinite
length. Furthermore, except for exceedingly short times, L is sufficiently large to
allow eliminating boundary conditions in Equations (65) and (66) from { =
—L to { = —oo. Under these simplifying conditions, the solution of Equation (63)
is obtained by [13]:

C((,7) = erf [— u%] 0>¢>-L (67)

By the definition of t and with the expected variation of A fromA =0to 4 =
Amax [14], from Equation (62),

L? L
T= s — for — <13 (68)
T=L—"Amax  fOr——>13 (69)

max

Hence, C({,t) of Equation (67) is given by the following approximate
expressions, after substitution of Equations (62), (68), and (69)

L(t;Y)—z

Clz,t;Y)=erf — L < 1340x (70)
(=)L)

C(z,t;Y) = erf [FL] L> 13,0y (71)
222, ,.\/(L—6.5)

for L > 13,4 the dispersivity becomes constant and equal to A,,,4-
The derivation of the expectation E(C) and the variance oZ is straight-
forward by replacing Equations (70) and (71) (with values of L(t;Y))
E[C(z,0] = [, C(z Ny (VY (72)
and
0é(z,6) = [7(C — E(C))*f, (V)dY (73)
for fy normal as expected to be a normal PDF defined by Equation (5). PDF of C,

fc(z, t; €) can be calculated by using the relationships
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c Y(z,t;C)
fedC = frdY  P.= [ fedC = [0 fdy (74)

in terms of spatial distribution. It is used to analyse the fractional area of the
whole field for which C is smaller than a given number.

The integration over f,dY is also achieved when computing the various
statistical moments of S at different z, and it is very simple to incorporate C in the

same integration procedure.

3.6.2 Statistical computation of Concentration

With values of my, gy, and six deterministic parameters (n, 8, 6,6, K& and
Y,,, characterizing the field), the required moments of C(z,t) are computed for
several combinations of the initial and boundary parameters (R = q,, t;,and 6,,,
characterizing the transport).

The mean E(C) and the variance o2 are calculated by two methods: (1) by
using the numerical exact solution of the salt transport problem and, consequently,
the numerical solution by finite differences as explained by [4]; and (2) by
employing the approximate model of salt transport to calculate L(t;Y), which is
substituted in Equation (70) or (71) to find C(z,¢t; Y).

The computation process for the approximate model includes the following

steps:

a. First we set i = 1 then we define t, and calculate L;(t) from L = # =

(qo—Kn)t
[(95_91”)( .S_'—Sn)]'

then we have
Li(&) = Vi(t)/((6s — 6:)(S — Sn))

b. Then we define various values of z.

c. Now, compare L;(t) with the input values of z. If L;(t) = z, then we have
to compute for each input value of z, C;(z,t) = C(z,t;Y;) from Equations
(70) and (71). Otherwise, C;(z,t) = 0.

d. Again, weseti = 2,3, ..., N and repeat the above steps.

e. Once C;(z,t) are calculated for the whole set of N values, the three

moments of C (averages, variances, and skewness) are calculated from

E[C(z D] = £ 2, Ci(z,0) (752)
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08(2,6) = = TIL{Ci(z, 1) — E(C(2, ) (75b)

ye(zt) = = 2{Ci(z,t) — E(C(z )P (75c)

f.  Now again change t and repeat the steps.

For the numerical model, finite difference equations to approximate the partial
differential equation (Equation 55), the initial conditions Equation (56), and the
boundary conditions (Equation 58) are first framed and then solved numerically
[4]. The boundary condition (Equation 57) given at the soil surface (z =
0)and at 0 < t < t; is substituted by the flux condition

=D({, )2+ V(0,)C(0,£) — qo/6(0,£) = 0 (76)
Where ¢ — 0 from the positive direction of z and the dimensionless concentration
is equal to unity. Hence, the value of D(¢,t) = D,,[6(0,t)] + A[L(t)]V(0,¢) is
evaluated as follows: for L(t) < 13,4

A= Apore + L) (Amax — Apore)/(132max) (77)
While for L(t) = 13,,,4x.

A= Anax

in which A, =3 cm from [7] and A,,.=01 cm from [6].
Furthermore, D,,,[6(0,t)] is extracted from [4] D,,(0,t) = Dya exp(b6(0,t)),
with D, = 0.04 cm? /hr,a = 0.002,and b = 10.

The soil moisture retention curves that are suitable for the numerical
computations are those of Equation (3), with the same values of g,y, 6, and 6,.
Hysteresis in the 6(y) relationship is not assumed in the computations. The
hydraulic conductivity function is also evaluated as in the approximate model
with the same deterministic 1, K;,my and oy and the same values of K!,i =
1,2,...,N. The calculated results of C;(zt;Y;),i =1,2,..,N are replaced into
Equations (75a), (75b), and (75c) to compute the three central statistical moments

of C. The numerical computations [4] were carried out with 90 cm depth.
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3.6.3 Results
The results are demonstrate in following figures with my, oy and all other soil

parameters. The capacity of the approximate model to simulate deterministic field

conditions during transport of heavy metals are displayed by Figure 4.

C of E(K,)

z (cm)

Cof E(K,)

0 T T T T T T Y T ,
0 10 20 30 40 50 60 70 80 90

z (cm)

Figure 4: Computed profile of C as a function of depth (z).
A : for the soil of Jaipur area. B; : for the soil of Kota area.
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E(C)

Figure 5: Expected value of C as a function of depth (z).

A, : for the soil of Jaipur area. B, : for the soil of Kota area.
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Figure 6: Coefficient of variation of C as a function of depth (z).
A; : for the soil of Jaipur area, B3 : for the soil of Kota area.

It can be seen that the agreement between approximate solution is not so

close. Here dotted lines show simulated results and regular lines show observed
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results. The distribution of the first central moment is given in Figure 5 (A, and
B,) in terms of expected value of C as a function of depth (z) and that of the
second moment in Figure 6 (Az and B3), in terms of coefficient of variation (CV)
of C. The agreement between the two methods of computation is enough good for
the expected values as well as for the coefficient of variation of C. The results
given in these figures also highlight the dissimilarities between the shapes of
E(C) distribution with depth from numerical computations (and approximate

computations) and the shapes of deterministic C(z, t).

80



References:

1.

10.

11.

12.

Bresler, E., McNeal, B.L., and Carter, D.L. 1982. Saline and Sodic Soils.
Springer-Verlag, New York.

Saffman, P.G. 1959. A theory of dispersion in a porous medium. J. Fluid
Mech. 6: 321-349.

Saffman, P.G. 1960. Dispersion due to molecular diffusion and
macroscopic mixing in flow through a network of capillaries. J. Fluid
Mech. 7: 194--208.

Bresler, E. 1973. Simultaneous transport of solute and water under
transient unsaturated flow conditions. Water Resour. Res. 9: 975-986.
Segol, G. 1977. A three-dimensional Galerkin finite element model for the
analysis of a contaminant transport in saturated unsaturated porous media.
In: Grey, W.G., Pinder, G.F., and Brebbia, CA. (eds.). Finite Element in
Water Resources. Penetech Press, London, pp. 2123-2144.

Bresler, E., and Laufer, A. 1974. Anion exclusion and coupling effects in
non-steady transport through unsaturated soils: Il Laboratory and
numerical experiments. Soil Sci. Soc. Am. Proc. 38: 213-218.

Biggar, JW., and Nielsen, D.R. 1976. Spatial variability of leaching
characteristics of a field soil. Water Resour. Res. 12: 78-84.

Russo, D., and Bresler, E. 1981b. Effect of field variability in soil
hydraulic properties on unsaturated water and salt flows. Soil Sci. Soc.
Am. J. 45(4): 675-681.

Reiniger, P., and Bolt, G.A. 1972. Theory of chromatography and its
applications to cation exchange in soils. N eth. J. Agric. Sci. 20: 301-313.
Dagan, G., and Bresler, E. 1979. Solute dispersion in unsaturated
heterogeneous soil at field scale: 1. Theory. Soil Sci. Soc. Am. J. 43: 461-
467.

Nielsen, D.R, Biggar, J.W., and Erh, K.T. 1973. Spatial variability of field
measured soil-water properties. Hilgardia. 42: 215-260.

Warrick, AW., Mullen, G.J., and Nielsen, D.R. 1977. Scaling field
measured soil hydraulic properties using a similar media concept. Water
Resour. Res. 13: 355-362.

81



13.

14.

Carslaw, H.S., and Jaeger, H.C. 1959. Conduction of Heat in Solids.
Oxford University Press, New York.

Bresler, E., and Dagan, G. 1983b. Unsaturated flow in spatially variable
fields: 3. Solute transport models and their application to two fields. Water
Resour. Res. 19: 429-435.

82



Chapter 4

Transport of Solutes Under

Transient Flow Conditions
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4.1 INTRODUCTION

In arid and semi-arid regions the imbalance between incoming and outgoing salt
has resulted in accumulation of salts in the irrigated soils. Since, the salt tolerance
of crops is often based on the concentration of salts in the saturated extracts; it
would be useful to have a method to predict the salt concentration throughout the
soil profile under field conditions. In order to estimate the magnitude of the
hazard posed by salinity, it is important to understand and identify the processes
that control salt movement from the soil surface.

The transport of reactive chemicals in porous media undergoes various
chemical changes through advection, diffusion and dispersion. In addition, it
involves other mechanisms like rate-limited sorption and desorption,
biodegradation, and chemical reaction. To understand the process of transport of
heavy metals through soil layers and porous media, several mathematical models
have been developed [1-7].

The impact of agricultural activities on ground water quality is closely related
with the quality of water from precipitation and irrigation water. Soil-Water
systems in the unsaturated zone are highly complex. Firstly, it is seldom in stable
equilibrium and is in constant flux. The degree of saturation of soil-water (6)
varies both in time and space. This in turn affects flow parameters namely the
suction head h(8) and the hydraulic conductivity K (8) which are not unique
functions of 0, but exhibits hysteresis. In addition, there is the effect of air-flow
through the soil and the compressibility of air, which may have some effect on
unsaturated flow. Water quality problems of all kinds stem from the lack of
awareness of these processes. Fertilizers are applied to agricultural fields to
increase the crop yields. However, a part of the chemical constituents present in
the fertilizer may percolate down to reach the ground water table thereby polluting
the fresh water aquifers. It is therefore important to limit the application of
fertilizers and monitor their movement in the unsaturated zone. The solute
transport process has been modeled using the SWIM (Soil-Water-Infiltration-
Movement) model. Saturated hydraulic conductivity was measured in the field

using Guelph permeameter.
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4.2 ESTIMATION OF SOIL HYDRAULIC PROPERTIES

Saturated hydraulic conductivity was determined by using disc permeameter and
Guelph permeameter. Saturated moisture content was estimated by gravimetric
method and soil moisture retention characteristics were determined by using
pressure plate apparatus. Detailed methodology is given below.

Disc permeameter-

The disc permeameter [8] is used for the determination of soil hydraulic
conductivity at the surface. The instrument allows a constant supply potential,
either positive or negative, in a manner analogous to ponded ring devices. Based
on the expression developed by [9], for three dimensional flow from a circular
disc, the steady state infiltration (q..) is expressed as:

4p(S, )’

©.=5" —( t;n))zr

(where b is a constant and taken as 0.55), 6, is the saturated moisture content and
6y is the in situ moisture content, r is the radius of the disc (0.1 m). When the disc
permeameter test is run, data are collected to obtain cumulative infiltration at
various times after the start of the test. So can be found from the slope of early-
time plot of g, vs. St¥? and q ., from the slope of the late time plot of g, vs. t. The
water content is measured before and after the experiment (by taking soil samples
for gravimetric water content multiplied by dried bulk density determinations) to
obtain the saturated moisture content (6p) and in situ moisture content (6,). The
disc permeameter is a portable equipment, which can be used for the measurement

of infiltration, hydraulic conductivity and pore characteristics.

Guelph permeameter-

The Guelph permeameter [10] was used to determine the depth-wise field
saturated hydraulic conductivity. The method involves measuring the steady state
rate of water recharge into unsaturated soil from a cylindrical well hole, in which
a constant depth (head) of water is maintained. Constant head level in the well
hole is established and maintained by regulating the level of the bottom of the air
tube which is located in the center of the permeameter. As the water level in the

reservoir falls, a vacuum is created in the air space above the water. The vacuum
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can only be relieved when air, which enters at the top of the air tube, bubbles out
of the air inlet tip and rises to the top of the reservoir. Whenever the water level in
the well begins to drop below the air inlet tip, air bubbles emerge from the tip and
rise into reservoir air space. The vacuum is then partially relieved and water from
the reservoir replenishes the water in the well. The size of opening and geometry
of the air inlet tip is designed to control the size of air bubbles in order to prevent
the well water level from fluctuating.

The steady state discharge from a cylindrical well in unsaturated soil, as
measured by the Guelph permeameter technique accounts for all the forces that
contribute to three dimensional flow of water into soils, the hydraulic push of
water into soil, the gravitational pull of liquid out through bottom of the well, and
the capillary pull of water out of the well into the surrounding soil. The Richard
analysis is the basis for the calculation of field saturated hydraulic conductivity.
The following formulae are used to determine field saturated hydraulic
conductivity, Kr; and matric flux potential, ¢,, when following the standardized
procedure

Krs = (0.0041)( X )(Rz) — (0.0054)( X )(Ry),

@m = (0.0572)(X)(R;) — (0.0237)( X )(R,),
where,

X = Reservoir constant used when the combined reservoir of the equipment is
used;

R; = Steady state rate of fall of water in the reservoir at first well height (always
5 c¢cm in the standardized procedure);

R, = Steady state rate of fall of water in the reservoir at second well height.

4.3 SOIL MOISTURE RETENTION CURVES

The graph between soil moisture tension and soil moisture content is
referred to as soil moisture retention curve or soil moisture characteristic. If the
tension is expressed as the logarithmic value, the graph is represented as pF-
curve. To construct the moisture retention curve of a soil sample, the moisture
content of the sample must be measured. This is done by equilibrating the moist

soil sample at a succession of known pF values and each time determining the
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amount of moisture that is retained. If the equilibrium moisture content
(expressed preferably as volume percentage) is plotted against the corresponding
tension (pF), the moisture retention curve (pF-curve) can be drawn. The pressure
plate apparatus is used for the determination of pF curves in the pF range of 2.0 to
4.2 (0.1-15 bar of suction). Soil moisture is removed from the soil samples by
raising air pressure in an extractor. A porous ceramic plate serves as a hydraulic
link for water to move from the soil to the exterior of the extractor. The high
pressure air will not flow through the pores in the plate since the pores are filled
with water. The smaller the pore size, the higher the pressure that can be exerted
before air passes through. During an experimental run, at any set pressure in the
extractor, soil moisture will flow around each of the soil particles and out through
the ceramic plate and outflow tube. Equilibrium is reached when water flow from
the outflow tube ceases. At equilibrium, there is an exact relationship between the
air pressure in the extractor and the soil suction (and hence the moisture content)
in the samples. Accuracy of equilibrium values will be no more accurate than the
regulation of air supply; therefore, the pressure control panel has independent

double regulators.

4.4 SOIL WATER INFILTRATION AND MOVEMENT (SWIM) MODEL
SWIM is based on a numerical solution of the Richards equation and the
advection—dispersion equation. The model has been applied to simulate the
movement of solute in the unsaturated zone. The physical system and the
associated flows addressed by the model are shown schematically in figure 1. Soil
water and solute transport properties, initial conditions, and time dependent
boundary conditions (e.g., precipitation, evaporative demand, solute input) are

supplied in order to run the model [11].
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Figure 1: Schematic representation of SWIM model with components of soil
water and solute balances.

Components of the soil water balances addressed by SWIM

P = Precipitation, R = Runoff, I = Infiltration, U,, = Water uptake, U; = Solute
uptake, T = Transpiration, E = Evaporation, D = Drainage, L = Solute leaching,
I, = lrrigation/Fertigation, N = Nutrients/Fertiliser, AS = Storage, S = Solute
source/Sink [11].

4.4.1 Theoretical Development
Assuming a homogeneous and isotropic porous medium, the one-
dimensional partial differential equation describing the transport of an interacting,

degrading solute can be written as

a0¢;

et =p {5 - {20, o
Where C; = concentration of solute (Parent material or metabolite, i), in the
solution phase; S; = concentration of species | in the adsorbed phase; 6 =
volumetric water content; g = Darcy’s flux; ¢ = source-sink term denoting the
rate of species i transformation in the degradation pathway; D = apparent
dispersion coefficient dependent on 6 and q ; p = soil bulk density; z = vertical
coordinate measured vertically down-ward’ and t = time In Equation (1), the
apparent dispersion coefficient, d, represents the combined effects of molecular
diffusion and mechanical dispersion (velocity-dependent). This combined

expression can be written as
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D = D,, + a|V| (2
Where D,, = molecular diffusion coefficient dependent on the moisture
content, 8;V = q/0 = effective pore-water velocity; and a = dispersivity. In
laboratory experiments using relatively homogeneous porous media, values of
dispersivity «, determined from breakthrough curves of conservative non
interacting solutes such as chloride, are known to be of order of 0.01 to 1.0 cm. In
contrast, field modeling studies use values of the dispersivity in the range of 10 to
100m, which are three to six orders of magnitude larger than typical laboratory
studies. This wide difference in field and laboratory dispersivity estimates may be
due to the nonhomogeneous and anisotropic nature of the field flow system
compared to homogeneous, isotropic conditions of laboratory tests [12].
Given that Equation (2) is valid for defining the apparent dispersion coefficient
for saturated and partially saturated flow conditions and that the mechanical
dispersion term is analogous to molecular diffusion in effect, but not in

mechanism, assumption of steady flow (96 /dt = 0) reduces Equation (1) to

= o[22 v (2] o g

Equation (3) is a generalized expression representing transport, adsorption, and
transformation of a single solute species i. The source-sink term ¢; in Equation
(3) represents the sequential steps in the degradation pathway from the parent
material to the first-step product, from the first-step product to the second-step,
and so on to the end of the N™ product. The term ¢; does not reflect either
adsorption to the soil matrix of a degradable chemical or its metabolites. The term
S; represents the amount of parent material or metabolite adsorbed to the soil. If,
for simplicity, one assumes an existence of a local equilibrium and linear
adsorption isotherm solution and adsorbed phases, then
S =KpC (i=12,....,N) (4)
Where K,; is the distribution or partition coefficient for the solute species i.
Taking the derivative of Equation (4) with respect to time t, yields
25— k() ®
Transformation process determines the fate and persistence of chemicals

in the unsaturated and saturated zones. Principal among these processes are
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microbiological degradation (biodegradation), hydrolysis (chemical degradation)
and volatilization. For nonvolatile organic chemicals for instance, biodegradation
and hydrolysis are the main attenuation mechanisms. Biodegradation is the
microbiological decomposition of chemicals in the solution phase through
enzymatically mediated reactions. The driving force behind these reactions is the
micro-organism’s need for energy, carbon, and other essential nutrients. Thus, the
rate of biodegradation depends on both the concentration of the chemical and the
size of the microbial population. Hydrolysis is a transformation process that
changes the chemical speciation of an organic contaminant. It is the reaction of
the chemical with water resulting in an exchange of some functional group from
the organic molecules with a hydroxyl (OH™) group. Like bio degradation, the
extent of contaminant attenuation depends on both the chemical properties of the
contaminant and the aqueous medium. Both transformation processes can be
mathematically represented by first-order Kinetic reactions [13]. In this study the
degradation pathway of the solute can be represented in a manner similar to [14]
as

[C]——[Cu]——[C.] ®)

ks
k', Ik, k',
Product  Product  Product
Where k;(i = 1,2,) denotes the first-order rate constants of the ith degradation
step; and k;(i = 1,2,3) denotes the rate of constants for hydrolysis. Based on
Equation (6) and assuming that hydrolysis processes produce innocuous products

which can be neglected in the analysis, the sequential transformations for the

parent material and its two metabolites can be expressed as

q={%}=—(kl+k'l)ecl (7a)
@, = {822 }= lecl - (k2 +k 'Z)HCZ (7b)
%:{%}:ekzg (K, +k',)6C, (70

Where the subscripts 1, 2 and 3 represent the parent material and its two

metabolites, respectively. Substituting Equation (5) and Equations (7a), (7b) and
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(7c) into Equation (3) and upon simplification yields the following expressions for

the parent material (i = 1) and its two metabolites (i = 2,3)

oC 0°C oC '

Ri{_atl}:D{ azf}‘v o |-t o
oC 0°C oC .

o5 T ke e @
oC o*C ac

Ra{ ats}: D{ 8223}_\/ {a_za}_kz Camks )

Where R, R, and Rj are the retardation factors for the parent material and its first
and second metabolites, respectively. These retardation factors represent the
extent to which the movement of the parent material or its metabolites are retarded
relative to the water movement in the soil. The retardation factors Ry, R, and R3

can be defined as

R, = {1+pK7pl} (9a)
R, = {14—/0 ng} (9b)
R, = {1+ P Kgg} (9c)

Where Kp', Kp? and Kp® are the partition coefficients of the parents material, first
metabolite and second metabolites, respectively.

In solving Equations (8a), (8b) and (8c) the initial and boundary conditions to be

applied are
;=0 t=0 z>0 (10a)
Ci=C" 0<t<t; z=0 (10b)
C;=0 t>t; z=0 (10c)
C;=0 t=>0 zZ =00 (10d)
Lisg t20 z=w (10e)

Where C(i = 1,2,3) is the initial concentration of the parent material or its two
metabolites and ¢, is the time for pulse application of the chemical.

Rearranging Equations (8a), (8b) and (8c) on obtains
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2
D{a Cl}—v {ﬁ}—(kﬁk'l)Cl— Rl%=0 (11a)

0z° z
0°C oC oC

D{ 8222}—v {a—zz}+klcl—k202—R2E2:O (11b)
0°C oC oC

D{ 8223}—v {8_23}+k2 C,~kCy~R, =2 =0 (11c)

Values of the transformation rate constants k; and k; (i = 1,2,3) given in
Equations (11a), (11b) and (11c) are assumed to be constants, although it is well
known that microbiologically mediated reactions are functions of many
environmental variables [15]. The lack of adequate information on the functional
nature of these relationships prevents representation, at present of k; values as
other than constants. However, the value of k; can be changed with depth and
time in a manner similar to [16]. In obtaining closed-form analytical solutions of
Equations (11a), (11b) and (11c) the initial and boundary conditions given by
Equations (10d) and (10e) are changed to

=0 t=0 z=L (12a)
And
Fi=0 t20 z=L (12b)

(i = 1,2,3) so as to adequately describe the lower boundary of a finite column of

soil of length L.

4.5 ANALYTICAL SOLUTION

A finite-difference procedure for solving a solute transport equation has been
presented by [14] .However, the finite difference method, in general, requires
extensive data input (data that may be sparse and uncertain) and detailed
familiarity with the numerical code (a process that can be tedious and time
consuming). Furthermore, the method is complicated by the dominating
convective term (V dc dz) which can give rise to considerable numerical
oscillations or dispersion. Therefore, the closed form analytical method of
solution of solute transport equation offers a useful means for an initial estimation

of order of magnitude of the extent and concentration of the contaminant, Data
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input are relatively simple and results compare reasonably well with those
obtained Numerically [17].

The standard Laplace transform technique are used to obtain analytical solutions
of Equations (11a),(11b), and (11c) subject to initial and boundary conditions
given in Equations (10a),(10b),(10c),(12a), and (12b). Because this technique has
been presented in detail by several investigators [18-20], only some pertinent
steps in the solution procedure are outlined . Additionally, since Equations (11a),
(11b) and (11c) are structurally similar, only the solution procedure for Equation
(11a) is described. For the parent compound (i = 1), the Laplace transformation
of Equation (11a) with its associated boundary condition given by Equation (10a)

may be written as

$G VG Leg 4 k) +5)C =0 (13)

dz? D dz D

Where
C, = fooo C, exp(—st) dt (14)
Utilizing Equations (10a), (10b) and (10c) the solution of Equation (13) is
Ci(z5) = Lexp(ry2) (1 - exp(sty)) (15)
Where
ry = —{V — (V2 + 4DR; (Uey + k}) + 5))/2) (16)
Recognizing that
_ 174 V2 , 2
A texp(rz) = mexp (ﬁ) .exp (E + (ky + k)t — :—Dt) a7

And applying the convolution theorem to obtain the Laplace inverse of Equation
(15) yields.

C,(z,t) = Hy(z,t) 0<t<ty (18)
C,(z,t) =Hy(z,t) — Hi(z,t — t;) t>t, (19)
Where
Hy(z,t) = C7 (P (@) (20)
In Which

V—w) R,z — wt
D erfcy——

z(
Pl(a)) = O.Sexp {2— ( )1
4DR,t)2
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0.5exp {%} erfc {(S%gf/z} (21)

And
w = [V? + 4DR, (ky + k})]*/? (22)

A procedure similar to that outlined above for C,(z, t) are adopted to obtain
analytical solution for the second metabolite denote by Equation (11b).Thus, for a
pulse application of c? at the soil surface for a duration t,, analytical solution of
Equation (11b) yields
C,(z,t) = Gi(z,t) + G,(2,t) 0<t<t (23)
Cy(z,t) = G1(z,t) — G1(z,t —t1) + Ga(z,t) — Gy(z, t —t) t >ty (24)
Where

G1(2,8) = % fexp(—ky) P2 (w22) — expl—(k, + K)tlpo(@20)}  (25)
klcf Rl
G2, 8) =7~ {R—Z}x

{exp(—k t) [p1(w11) — P2 (w32)] + exp(—f12) (P2(w23) — P2(w12))}  (26)
In which

kiz = (ky + k) — ky (27)
kiR1—(ka+kj)R

1y = % (28)

Z(V—a)”) R]Z—(,l)l]t

pi(wij) = 0.5exp {T erfc W +

z(V—-wij) Riz—wijjt

0.5exp {T]} erfc {41)12]11;2} (29)
Where (i = 1,2;j = 1,2,3)

W11 = Wy =V (30)
wy1 = (V2 + 4DRy(ky — (ko + k3)))V/? (31)
way = (V2 + 4DR,[(ky + kb) — kq1))/? (32)
w3 = (V2 + 4DR[(ky + k3) — ky))'/? (33)

A similar analytical procedure to that outlined above for C,(z,t) can be adopted

to obtain the solution of Equation (11c).
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4.6 RESULTS

Solutions of C;(z,t) and C,(z,t) for application of C_ at the soil surface
for a duration of t; were obtained using the superposition principle for t > t; as
given by Equations (19) and (24). From Equations (19) and (24), it can be easily
verified that C;(z,t) —» 0 as z — 0 and/or t — oo for small values of t;. Also, for
continuous application of € at the soil surface, a steady-state concentration
distribution can be obtained for given z values and t — oo.
Also, comparison between observed and simulated heavy metal profiles are given
in figure 2. Graph (i) is showing comparison for the soil of Jaipur area and Graph
(i) show is showing comparison for the soil of Kota area. Average concentration
of heavy metals is taken in mg/cm3 and depth is calculated in centimetre. The
result indicate that in both area (Jaipur and Kota), there is an accumulation of
heavy metals in the top layers of soil, Which will ultimately lead to soil and water
contamination.

(i)

Observed
_______________ Simulated

Average concentration (mg/cm?)

0 10 20 30 40 50 60 70 80 90

Depth (cm)
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Figure 2: Comparison of observed and simulated heavy metal profiles: (i) for the

soil of Jaipur area (ii) for the soil of Kota area
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Chapter 5

Kinetic Multireaction Approach

for Leaching of Heavy Metals
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5.1 INTRODUCTION

The soil gets contaminated with leaching of chemicals like pesticides,
heavy metals, waste water released from the industries, garbage and leakage
through sewage lines. Such harmful substances including heavy metals, organic
chemicals ruin the layers of the soil and it is equally harmful to surface water
bodies. So it has aroused the curiosity to understand the process of solute reaction
pertaining to soil and water.

To trace out the transport of heavy metals, certain models are established
related to absorption and release with the mould of the soil. The process of
leaching in soils in terms of reactions includes precipitation/dissolution, ion
exchange, and adsorption/desorption reactions [1]. The above mentioned process
of absorption and release are affected by several characteristics of soil including
texture, bulk density, pH, Eh, organic matter, and type and amount of clay
minerals. The method of leaching and absorption of particular level of soil
emanate in connection with firmly gripping the soil to the surface to form outer or
inner sphere solute-surface site complexes and ion exchange is the process of
substituting ions on soil particles. The composition of absorption and ion
exchange is such that it has the capacity to form a surface complex and may
substitute another ionic solute species already on the surface gripping site.

Equilibrium models and kinetic or time dependent models are possessed
with such ingredients that explain solute leaching and released by soil matrix
surfaces and equilibrium model retains the tendency of reacting faster and
accurately with soil matrix. Common approaches are Langmuir-type models
which describe maximum sorption term and linear and non-linear Freundlich-type
models. Leaching of chemicals explained by ‘Kinetic models’ as a function of

time.

5.1.1 A Simplified approach-

The easiest technique for quantifying the tendency of heavy metals in soils
is given by the Freundlich equation. And there is no doubt it can be considered as
one of the oldest method of non linear sorption equations. It has been given
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weightage to explain solute leaching by soil [2-5]. The nonlinear Freundlich
equation is
S =K,cP (1)

where S is the quantity of solute retained by the soil (mg Kg™1), c is the solute
concentration in solution (mgL™1), K; is the distribution coefficient
(cm® kg™1), and parameter b is dimensionless and has a value of b < 1. With
reference to the equation cited above the distribution coefficient explains the
separating of solute species between solid and liquid in relation to concentration
range. And it is cosidered as comparable state of the balanced unchanging phase
for a chemical reaction.

However the Freundlich equation has been considered accurate equation
[6], and its reliability does not exhibit the exact information concerned with actual
processes involved in it and it is observed that equation has the capacity to give
solution to the leaching processes. Furthermore typical leaching process can be
explained at least in part comparing with the Freundlich equation. Hence, K, and
b are assumed as the best models for explaining parameters in the absence of
independent evidence pertaining to leaching mechanism.

The vast body of literature also explains leaching of several elements by
soils [4]. The study based on [7] reveals that leaching of a single element is the
part of a few soils. In this context some researchers, such as Harter [8] made a
comparable study regarding different elements. To draw the estimates in
connection with leaching parameters in regard to the relationship between the
characteristics of soils and leaching parameters, when retention data for a
particular and specific element and soil type are lacking but soil property data are
available. The elements can be grouped in case when the leaching characteristics
of heavy metals are same enough. In terms of regression equation an estimated b
value for any one of them could be anticipated from soil pH data. Such an
estimate would prove to be advantageous in explaining the leaching properties of
the soil. This Simplified approach also provide characteristics of leaching
properties of the soil specially when data are rarely available and it is useful for

leaching parameters for the purpose of study in future.
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5.2 KINETIC MULTIREACTION APPROACH

In the following process two conceptual models known as MRTM and
MRM were devised and updated to explain the fortune of heavy metals in soil.
And the main characteristic of both the models is that they rely on number of
leaching reactions of the reversible and irreversible type. The procedure of
leaching involve non-linear balanced state and at the same time linear and non-
linear Kinetic reactions. The pattern of functioning of these models are explained
here. The MRTM agrees with the transport and possession of heavy metals in soil
in relation to time and depth. The MRM explains kinetic type leaching and in such
a situation no water flow is considered.
Further, in this context, it is assumed that two models MRTM and MRM as
mentioned above are solved on the basis of numerical approximation techniques

in connection with their equations.

5.3 FORMULATION OF MODELS
5.3.1 Multireaction model (MRM)-

Consider that the solute in the soil domain is present in the soil solution (c)
and in numerous phases signifying heavy metal retained by the soil
(Se, S1, S2,and s;,-) Where ¢ and s are taken in mgL™! and mgkg™1, respectively.
Moreover, we assume that the leaching release procedures are run by many
concurrent as well as sequential type reactions.

The sorbed phase s, is assumed as the quantity of heavy metals which is sorbed
reversibly and is in local equilibrium with that in soil solution phase (c) at all
times (Figure 1). Hence, we consider that the local equilibrium hypothesis
between c and s, is useable [9]. The governing equilibrium reaction mechanism is

that of the Freundlich equation by [2],

Se = chb (2)

Where K, is the associated distribution coefficient and b is a Freundlich
parameter. The value of parameter b based on batch studies, found to be

consistently less than unity for various elements [10].
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A 4

Figure 1: Schematic diagram of the multireaction retention model.

The heavy metal present in the soil solution phase (c) is considered to react
kinetically (i.e., it is time dependent) and reversibly with s;, s, and irreversibly
with s;,--. The kinetic reaction between C and s; can be expressed by [11-12],
p(52) = Okyc™ — pssy 3)
Where k; and k, are the forward and reverse rate coefficients (hr~1), p is the
soil bulk density (g cm™2) and @ is the water content (cm3cm™3). Parameter n
(dimensionless) is the reaction order, where for n # 1, the reaction is nonlinear.
Since it is considered that ¢ and s; react rapidly and reversibly, k; and k., are
taken relatively large in magnitude. If ¢ and s; attains equilibrium almost
instantaneously, the ratio k, /k, is the equilibrium constant for that reaction.

The Kinetic reaction between ¢ and s, can be expressed by

p (%) = Oksc™ — pkys, 4)
Where k; and k, (hr~1') are the forward and reverse rate coefficients,
respectively, and m is the reaction order. Equation (4) is similar to Equation (3),
except that reaction (4) is considered to be more kinetic than reaction (3). As a
result the magnitudes of rate coefficients k5 and k, are smaller than k; and k, in
Equation (3). Moreover, the reaction are assumed to be nonlinear, where in m # 1
and m and n need not be the same.

The reaction between ¢ and s;,.,- may be expressed by

p (%) = bk ©)
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Where k; is the rate coefficient for the irreversible retention reaction. Hence, s;,
represents an irreversible sink term.

An extension of the existing multireaction model involves a serial reaction (Figure
1). The concurrent-consecutive multireaction model involves an extra leaching
stage. This stage signifies the quantity of solute strongly contained by the soil that
reacts slowly and reversibly with s,. Therefore, the model allows the description
of the frequently observed very slow release of solute from the soil [13].

If a continuous reaction is involves in the model, then Equation (4) must be
changed to incorporate the reversible reaction.

The MRM is required for the explanation of kinetic and equilibrium leaching
behavior of sorption-desorption isotherms for heavy metals in soils. Isotherms that
represent the quantity sorbed or contained by the soil vs the quantity in soil
solution, that are often obtained using batch-type experiments for a range of initial
(or applied) solute concentrations and for a given soil-to-solution ratio. However,
for heavy metals that interact slowly, a set of isotherms with every representing
one reaction time can be derived. The MRM is capable of explaining such
isotherms for a given initial concentration with time as required. Detail

explanation on kinetic heavy metal isotherms given by [1].

5.3.2 Multireaction and transport model (MRTM)-

This model characterizes an extension of the multireaction model (MRM)
to involve transport in addition to leaching behavior of heavy metals in the soil
environment. To explain the movement of heavy metals in the soil profile, the
classic convective-dispersive transport equation is used. For one-dimensional,
steady-state water flow conditions, the transport equation for reactive solutes may
be explained as [14-15]

p%+0%=0D%—vg—;—Q (6)

Where ¢ is solute concentration in solution (mg L™1). 0 is the soil water
content (cm3cm™3), p is the soil bulk density (g cm™2), D is the hydrodynamic
dispersion coefficient (cm?hr~1), v is Darcy's water flux density (cm hr~1),x is
soil depth (cm), and t is time (hr). In addition, s is the solute concentration

connected with the solid phase of the soil (mg kg~! soil ), and Q is the rate of
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solute removal (or supply) from soil solution (mg cm™=3hr~1) and is not involved
in s. In a fashion equal to the multireaction model explained by [11], we assume
the ds/dt term to explain fully reversible method between the solution and the
solid phases. In particular, we assume that the reversible retention to be of the
multireaction (multisite) equilibrium-kinetic type where s is comprised of three
stages:

S=S,+5;+5, (7)
Here we consider s, as the quantity of solute metal (mg kg~? soil) that is sorbed
reversibly and is in equilibrium with that in soil solution phase (c) at all times.
The governing equilibrium leaching-release mechanism is that of the nonlinear
Freundlich type as explained in the MRM,

se = K,cP (8)
Where K, is the associated distribution coefficient (cm3kg™1), and b is a
dimensionless Freundlich parameter (b < 1).

The leaching-release reactions associated with s;,s, are concurrent- or

consecutive-type kinetic reactions (Figure 1). Where, the s, and s, phases are
assumed to be in direct contact with c, and reversible processes of the (nonlinear)

Kinetic type govern their reactions [11-13]

651

Pt ki(6/p)c™ —kysy 9)
0s2
52 = ka(8/p)c™ — kus, (10)

where k; and k, are the forward and backward rate coefficients (hr—1),
respectively, and n is the reaction order connected with s;. Also, k3, k4, and m are
the reaction parameters associated with s,. These sorbed stages may be considered
as the quantity sorbed on surfaces of soil particles and chemically bound, although
it is not essential to have a priori knowledge of the accurate leaching mechanisms
for these reactions. In particular, these phases are considered by their release
tendency and kinetic sorption to the soil solution and therefore they are
susceptible to leaching in the soil. In addition, the primary difference between
these two phases lies not only in the difference in their kinetic reference but also

in the degree of nonlinearity as pointed by parameters n and m.
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The sink-source term Q of Equation (6) is generally used to account for
irreversible reactions such as precipitation-dissolution, mineralization, and
immobilization. We took the sink term as a first-order kinetic process:

Q=p5E=0kC (11)
where kg is the connected rate coefficient (hr~1). This sink term is calculated in
terms of a first-order irreversible reaction for reductive sorption or precipitation or
interior diffusion as defined by [1, 11]. Equation (11) is similar to that for a
diffusion-controlled precipitation reaction if one accepts that the equilibrium
concentration for precipitation is very small [16].

The leaching-release reactions of Equation (9) through (11) include
equilibrium and Kinetic processes. The multireaction model is given by [11], on
which this transport and leaching procedure is based, where local equilibrium with
the solution phase is not implicitly assumed. It is noticed that it is important in this
study to include a Freundlich-type equilibrium reaction Equation (8) into the
transport model to forecast the transport behavior. In the two-site model
developed by [17-18], a linear or nonlinear Kinetic reaction and an equilibrium
reaction are combined with the convection-dispersion transport Equation (6).

5.4 INITIAL AND BOUNDARY CONDITIONS

The retention reactions connected with the MRM seek to provide a
solution for solute concentration in soil solution and sorbed phases as a function
of time. To solve the MRM, the proper initial conditions are to be identified [19-
20]. The initial constraints are that of a given initial solute concentration in
solution and considered no solute leaching at time zero, as is the case for batch

Kinetic tests. Specifically, the essential conditions are as follows:

Cc = Ci' t=20 (12)
Cc = Co, t > 0 (13)
Se =5, =5,=0, t=0 (14)

Where C; and C, are the initial and applied (input) solute concentrations,
respectively. The model can include other restrictions if the concentration for
every sorbed solute species (s,, s1,S,) is changed from zero at the initial time for

simulation (t = 0).
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To calculate the transport and leaching-release equations connected with
the MRTM, the proper initial and boundary conditions must be identified. Here
we confine to steady-state water flow conditions in a homogeneous soil with
uniform moisture distribution. Hence, water flux v and soil moisture content Q are
assumed time-invariant. It is also considered that a solute solution of known
concentration (C,) was applied at the soil surface for a given duration t and was
thereafter followed by a solute-free solution. The conditions connected with such

a pulse are normally evaluated as [17-19]

c=C;, t=00<x<L (15)
Se =5 =5, =0, t=00<x<L (16)
vCy = —BDZ—;+ vc, x=0,t<t, a7
0=—6D2+uvc, x=0,t>t, (18)
£=0, x=Lt>0 (19)

Equations (15) and (16) signify initial conditions for a soil profile of length L (cm)
with uniform initial concentration C; in the solution and devoid of sorbed phases
along the soil outline at time zero. However, this model is not confined to uniform
conditions; rather, nonuniform initial distributions of c, s,, s;, s, can be included.
Equations (17) and (18) displays a third type of boundary condition of solute
convection and dispersion at the soil surface, where C, is the applied solute
concentration. These conditions simulate a solute input for a duration t, (hr) that is
preceded and followed by a solute-free solution. Equation (20) describe a flux- or
Newman-type boundary condition at the bottom (x=L) of the soil profile at all
times t. For a conversation of boundary conditions that explained solute transport
problems [17].
The convection-dispersion solute transport Equation (6) subject to the initial and
boundary conditions elaborated above is calculated using finite-difference
explicit-implicit methods [22-23]. Finite-difference solutions provide distributions
of solution and sorbed phase concentrations at incremental distances Ax and time
steps At as required. In a finite difference form a variable such as c is explained as
c(x,t) = c(iAx, jAt) (20)
Where i=123,..N andj=123,..
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x = ilx, and t = jAt (21)
For simplicity, the concentration c(x, t) is abbreviated as
c(x,t) = Cy (22)
Where written letter i indicates incremental distance in the soil and j denotes the
time step. Here it is considered that the concentration distribution at all
incremental distances Ax is known for time j. Now, extract a numerical
approximation of the concentration distribution at time j+1. The convection-
dispersion Equation (6) must be explained in a finite difference form. For the
dispersion and convection terms, the finite difference forms used are

0D 8%c/0x* = OD(Ciyy,j+1 — 2Ci 41 + Cioy j41)/2(AX)?

+0D(Ciasj = 26,1 + Cioa )/2000% + 0  (23)
and
P
Ui - U(Ci+1»j+1 - Ci,j+1)/A€ + 0Ax (24)

Where OAx and 0(Ax)? are the error terms connected with the above finite-
difference approximations, respectively. In the above derivations, the second-
order derivative (the dispersion term) is explained in an explicit-implicit form
generally known as the Crank-Nickolson or central approximation method [24].
This is extracted by using Taylor series expansion and is divided equally for time j
(known) and time j+1 (unknown). Such an approximation has a truncation error,
as derived from the Taylor series expansion, in the order of (Ax)?, which is
elaborated as O(Ax)2. Moreover, in the above approximations, the convection
term is explained in a fully implicit form, which resulted in a truncation error of
OAx. In this numerical solution, for small values of Ax and At, these truncation
errors are regarded to be sufficiently small and therefore they are neglected [25].
The time dependent term of Equation (6) is explained as

R =Ry j(Cyjar — Cij) /AL + OAL (25)

Where the retardation term R is solved explicitly as
R =1+ (bpK;/6)c’?! (26)
It is included in a finite difference form using iteration method due to the

nonlinearity of the equilibrium leaching reactions. Particularly, the retardation

term is given as
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R=(Ry;), =1+ (bpKa/O)(¥"™), (27)
where Y represents the average concentration over time step j (known) and that at
time step j+1 for which solution is being required, such that

Y, = (lCi,j+1|r + Ci,j)/z
where r refers to the iteration steps.
For the kinetic retention equations, the time derivative for s; and s, are explained

in their finite-difference forms in an exact manner to the above equations.

Therefore, neglecting the error terms and including the iteration technique, we

have
pds,/0t = k,0c™ — k,ps;
=k,0 {[(Ci,j+1)r + Ci,j] /Z}n - kzp[(51)i,j]r (28)
p85,/0t = k0 {[(Cojn) +Ci] 2} — ap[(2)s], (29)
Moreover, the irreversible term Q was described in an implicit-explicit fashion as
Q =ksQ(Cij11+Cij)/2 (30)

For each time step (j+1), after rearrangement and incorporation of the initial and
boundary conditions in their finite difference form, the finite difference of the
solute transport equation can be expressed by a set of N equations having N
unknown concentrations,. The form of the N equations is

a;1Ci—1j41 + bijCijr1 + U jCivqji1 = €5 (31)
Where N is the number of incremental distances in the soil (N = AL—x) The

coefficients a,b,u and e are the connected set of equation parameters. The above
N equations are calculated simultaneously for every time step using the Gaussian
elimination method [24] to find concentration C at all nodal points along the soil
profile. In particular, MRTM gives a solution for a set of linear equations using
the Thomas algorithm for tridiagonal matrix-vector equations [23]. The newly
evaluated C values are used as input parameters in the solution for the leaching
Equation (28) through (30). The solution of these equations provides the quantity
of sorbed phases due to the irreversible and reversible reactions at the same time

(j+1) and incremental distances along the soil profile.
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The numerical approximation system given above for the MRTM is also
used in calculating the solute leaching equations connected with the MRM. The
study is based on the hypothesis that, for any given time step j, the quantity in soil
solution ¢ and in the sorbed phase s,, are in local equilibrium [9] and their
amounts are associated by the K; value according to the nonlinear Freundlich
Equation (2). Therefore, for any given time step, the total amount in the solution
and sorbed phases is

H = 0c + ps, (32)
Or
H = 0c + pKyc? (33)

As a result, in the calculation process, from c¢ and s, the amount H is
evaluated for time step j. To evaluate these variables at time step j+1 following
the derivation of all other variables (i.e., s, s, etc.), we find a new value for H and
partition such a value between ¢ and s, (based on the Freundlich equation) using
the following implicit equation:

c=H/(6 + pKycP™1) (34)
Which is calculated directly from Equation (37) and is based on the newly derived
for the sum of concentration and equilibrium sorbed phases, H. Equation (38) is
an implicit equation for ¢ and where iteration is essential. In particular, a solution

for concentration C or specifically C; ; at each time step is calculated as:

Cr =H/(6 + pKalc®-1) (35)

55 RESULTS

For the MRTM and MRM, the above equations are calculated in a serial
manner for each time step, until the required time for simulation is achieved. To
explain kinetic behaviour of heavy metal leaching as obtained by multireaction
and transport model (MRTM), simulation figures are given. This explains the
sensitivity of heavy metal concentration results to a wide range of model
parameters necessary for the MRTM with emphasis on the governing leaching
mechanism. The parameters selected for simulation analysis are p =
1.25gcm™3,0 = 0.4cm3,L =90 cm,D = 1.0 cm?hr~1. It is assumed that

steady water flow velocity v is constant. The influence of the distribution
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coefficient K4, which is associated with s, of the equilibrium type reaction, on the
transport of heavy metal is shown in Figure 2. Here the nonlinear parameter b is
taken as 0.5 and all reaction coefficients are equal to zero. The shape of the break
through curve of Figure 2 reflects the influence of a nonlinear Freundlich type
sorption. A BTC is a representation of heavy metal concentration in terms of
relative concentration (C/C,) vs depth (z), where C, is the maximum
concentration. The influence of a wide range of b values on the shape of the BTC
is shown in Figure 3(A) and Figure 3(B). For values of b < 1, the shape of the
BTCs indicates a sharp rise in concentration or a steep sorption side with an
increase of the tailing of the desorption side for decreasing values of b. For values
of b > 1, the sorption side indicates a slow increase of concentration, which is

associated with a lack of tailing of the desorption side of the BTCs.
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Figure 2: Breakthrough curves for several K; values where b = 0.5 and k; =
k2 == k3 = k4 = 0

111



1.2

—Db=0.25
14 el ==~ mmmmee- b =0.50
----Db=0.75
0.8 -
——=-b=1.0
S 06 -
N
o
0.4 - N\
N
AN
02 - o
0 —
0 80 90

Depth (in cm)

Figure 3(A): Breakthrough curves for several b values where b < 1.0 and k; =
k2 - k3 = k4 = 0
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(C/C, is heavy metal concentration, where 0.2 units equals to 90 mg/L in Figure

2, 3(A) and 3(B))
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Chapter 6

Assessment of Heavy Metal
Contamination in Soil Sediments
of Jaipur and Kota Industrial

Areas
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6.1 METHOD AND MATERIAL

Heavy metal contamination to soil and the environment has been
accelerated in modern society due to industrialization, rapidly expanded world
population, and intensified agriculture [1]. Environmental contamination is
correlated with the degree of industrialization and intensities of chemical usage.
The effect of heavy metals on the environment is of serious concern and threatens
life in all forms [2]. Toxicity of these compounds has been reported extensively
[3-5]. They accumulate over time in soils which act as a sink from which these
toxicants are released to the groundwater and plants, and end up through the food
chain in man thereby causing various toxicological manifestations. According to
IARC [6], Cadmium (Cd) is an extremely toxic industrial and environmental
pollutant classified as a human carcinogen. Human occupational exposure to
chromium clearly indicates that these compounds are respiratory tract irritants,
resulting in airway irritation, airway obstruction, and lung, nasal, or sinus cancer
[7]. Cr compounds are teratogenic in animals and can induce mutations. Toxicity
of copper is associated with abdominal pain, headache, nausea, dizziness,
vomiting and diarrhea, gastrointestinal bleeding, liver and kidney failure, and
death. Nickel is one of many carcinogenic metals known to be an environmental
and occupational pollutant. Chronic exposure to Ni is connected with increased
risk of lung cancer, cardiovascular disease, neurological deficits, and
developmental deficits in childhood [8]. Lead poisoning tends to have increased
risk for cardiovascular disease, nephropathy, immune suppression and liver
impairment [9]. Zinc toxicity may result in nausea, vomiting, diarrhea, metallic
taste, kidney and stomach damage and other side effects [10].
The main objective of the present study is to determine the level of soil pollution
with respect to some heavy metals in Jaipur and Kota districts of Rajasthan.
6.1.1 Chemicals

All chemicals used in the present study were of analytical reagent grade
and were purchased from reliable firms.
6.1.2 Studied area

The present study area covers Jaipur and Kota districts of Rajasthan. The

soils were collected from different industrial areas that could contribute to a
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higher level of heavy metals contamination. Total eight different locations were
selected in the present study, Four different locations that were selected in Jaipur
industrial area are: Sitapura Industrial area (location 1), Jhotwara Industrial Area
(location 2), RIICO Industrial Area (location 3) and Viswakarma Industrial Area
(location 4); and four different locations were selected in Kota industrial area
which are: Indraprastha Industrial area (location 5), Chambal Industrial Area
(location 6), RIICO Paryavaran Industrial Area (location 7) and Large scale
Industrial Area (location 8).
6.1.3 Sampling

To avoid contamination of the soil sample, essential cleanness conditions
were maintained. The samples were collected randomly in triplicates from
different sites of industrial area. All samples were collected and put in clean
polythene bags and they were sealed in double bags. Use of metal tools was
avoided and a plastic spatula was used for sample collection. The soil samples
consisting of three subsamples were collected at random by digging the soil at
four different depths: from the surface layer (0-5 cm depth), the first feet below
the surface (30 cm depth), the second feet below the surface (60 cm depth) and the
third feet below the surface (90 cm depth). Samples were collected with a plastic
spade during the winter of 2015, and the collected samples were placed in black
polyethylene bag. All samples were labelled appropriately.
6.1.4 Analysis of the samples

The soil samples were allowed to dry for 48 h at room temperature. The
dry soil sample was disaggregated in mortar pestle. The sample was finely
powdered, sieved with a 2 um sieve and stored in plastic vials. One gram of each
sample was weighed and transferred into pre-washed and oven dried beakers. The
dried samples were wet digested according to standard protocols and they were
labelled properly.
6.1.5 pH analysis

The soil samples were collected from upper surface, first foot, second foot
and third foot of sediments in triplicates. The pH was measured as described by
Liza Jacob et al. [11]. A soil suspension was made with soil and water in the ratio

1: 2. Ten gram of soil sample was taken in a 50 ml beaker and added 20 ml of
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distilled water into it. The solution was stirred immediately with glass rod for 30
minutes. It was stirred again just before taking pH reading. The pH was read using
pH meter. The electrodes of the pH meter were washed with distilled water after
each determination. For standardizing the pH meter, two buffer solutions of
known pH values (pH-4 and pH-7) were used.
6.1.6 Heavy metal detection

The detection of heavy metals is accomplished by various methods but
here the AAS technique was used, which is relatively simple, versatile, accurate
and free from interferences. Heavy metals readily form complexes with organic
constituents and therefore, it is necessary to destroy them by digestion with strong
acids. Nitric-perchloric acid digestion method was performed for sample
preparation [12]. One gram of a sample was placed in 250 ml digestion tube and
10 ml of concentrated HNO3; was added. The mixture was boiled for 30-45
minutes to oxidize all easily oxidizable matter. After cooling, 5 ml of 70 % HCIO4
was added and the mixture was boiled gently till the appearance of dense white
fumes. The contents were cooled and 20 ml of distilled water was added, and re-
boiled to stop the release of any fumes. The solution was cooled again, filtered off
through Whatman No. 42 filter paper and transferred to 25 ml volumetric flask.
The volume was made up to the mark with distilled water.
All of the digested soil samples were analyzed for their total concentrations of Cd,
Cr, Cu, Ni, Pb and Zn by using Atomic Absorption Spectrophotometer (Perkin
Elmer A Analyst 300).
6.1.7 Statistical calculations

The S.E.M. was calculated by the following formula:

S.D.
S.EE.M. 7

Where x = individual observation
n = number of observation
The results were expressed as Mean + S.E.M. (Standard Error of Mean).
The present study area covers the Jaipur and Kota districts of Rajasthan.

Forty eight soil samples were collected from different industrial areas and
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analyzed. The concentration of six heavy metals (Cd, Cr, Cu, Ni, Pb and Zn) were
identified and quantified by using Atomic absorption spectrophotometer in 4
different locations. Reconnaissance survey was carried out on the surface layer
(0-5 cm depth), the first foot below the surface (30 cm depth), the second foot
below the surface (60 cm depth) and the third foot below the surface (90 cm
depth) to determine the total metal concentration. Sampling was done according to
standard procedures.

Various results obtained are tabulated and depicted below:

6.2 DISTRIBUTION OF STUDIED HEAVY METALS IN DIFFERENT
LOCATIONS OF JAIPUR DISTRICT

Table and Figure 1, 2, 3 and 4 represents the heavy metal burden in soil
samples of Jaipur district. Four different industrial areas were selected in the
present study. The survey were carried out in Sitapura industrial area, Jhotwara
industrial area, RIICO industrial area and Viswakarma industrial area, which were
named location 1, 2, 3 and 4 accordingly.

Table and Figure 1-4 indicates that most of the metals were found in
varying concentrations. The mean concentrations of Cd, Cr, Cu, Ni, Pb and Zn in
almost all soil samples were significantly higher than background contents of
these heavy metals in the soils, suggesting the industrial area are highly polluted.
The maximum average concentration is showed by Zn metal (254.16 ppm) in
location 4. This was followed by Pb (248.60 ppm) and Cu (227.37 ppm) mean
concentrations at location 3 and 4, respectively. The maximum obtained average
concentration of Cr was 200.61 ppm (location 1), which was further followed by
Ni (91.87 ppm) and Cd (22.5 ppm) at location 4. The maximum obtained average
concentrations of heavy metals decreased as follows- Zn > Pb > Cu > Cr > Ni >
Cd.

6.2.1 Distribution of heavy metals at location 1- Sitapura Industrial Area
(Table and Figure 1)

Table and Figure 1 represent the descriptive statistics of the heavy metal

concentrations of Sitapura industrial area. There was a remarkable change in the

content of heavy metals among the sampled soils. The concentrations of Cd, Cr,
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Cu, Ni, Pb and Zn varied between 2.56 and 15.42, 56.17 and 374.83, 54.58 and
198.34, 21.65 and 134.87, 58.84 and 284.6, 12.76 and 208.54 ppm, respectively.
All of the mean values of the heavy metal concentrations were significantly higher
than their normal permitted values. The maximum average concentrations of Cr,
Cu and Pb were found in the uppermost surface (200.61 ppm, 144.50 ppm and
184.59 ppm, respectively), while Ni was present maximally in the second foot of
sediment (86.85 ppm). The average concentrations of Cd and Zn were highest in

the first foot of sediment (8.78 ppm and 123.11 ppm), respectively.
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Figure 1: Heavy metals concentrations in soil samples of Sitapura Industrial area,
Jaipur district.

6.2.2 Distribution of heavy metals at location 2 - Jhotwara Industrial Area
(Table and Figure 2)

The ranges of the concentrations of the studied metals in Jhotwara industrial area
are shown in Table and Figure 2. The Table and Figure 2 shows that the heavy
metal concentrations in the upper surface sediments decreased in the following
order: Pb > Zn > Cr > Cu > Ni > Cd. In the first foot of sediment sampled, the
heavy metal concentrations decreased in the following order: Pb > Cr > Zn > Cu >
Ni > Cd. In the second and third foot of sediment sampled, the heavy metal
concentrations decreased in the following order: “Pb > Cr > Cu > Zn > Ni > Cd”
and “Pb > Cu > Cr > Zn > Ni > Cd”, respectively. The average concentrations of

heavy metals were predominated mostly in the upper most surface having average
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values of 15.79 ppm for Cd, 158.59 ppm for Cr, 139.38 ppm for Cu, 54.07 ppm
for Ni, 212.41 ppm for Pb and 188.24 ppm for Zn.
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Figure 2: Heavy metals concentrations in soil samples of Jhotwara Industrial

Area, Jaipur district.

6.2.3 Distribution of heavy metals at location 3 - RIICO Industrial Area
(Table and Figure 3)

The spatial distribution of heavy metals (Cd, Cr, Cu, Ni, Pb and Zn) in the RIICO
industrial area is shown in Table and Figure 3. In the upper surface stratum, the
average concentrations of Cr (142.98 ppm), Cu (200.26 ppm) and Pb (248.60
ppm) were obtained at their highest levels. In the first foot of sediment, the
average concentration of Zn was highest (210.80 ppm). Other studied metals (Cd
and Ni) were highest at second foot level with average values of 14.22 ppm and
89.60 ppm, respectively. The minimum concentrations of Cd (3.95 ppm) and Ni
(7.67 ppm) were found in the first foot of sediments, while third foot strata were
showing minimum concentration Cr (10.36 ppm) and Cu (17.83 ppm). The lowest
concentrations of Pb (19.65 ppm) and Zn (26.98 ppm) were present in the second

foot strata and uppermost surface, respectively.
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Figure 3: Heavy metals concentrations in soil samples in RIICO Industrial Area,

Jaipur district.

6.2.4 Distribution of heavy metals at location 4 - Viswakarma Industrial Area
(Table and Figure 4)

Table and Figure 4 show total concentrations of heavy metals in the Viswakarma
industrial area. The studied heavy metals Cd, Cr, Cu, Ni, Pb and Zn concentration
levels ranged between 5.87 to 37.15 ppm, 19.67 to 248.16 ppm, 34.56 to 357.78
ppm, 12.87 to 149.98 ppm, 17.84 to 439.67 ppm and 18.89 to 407.87 ppm,
respectively with maximum mean values of 22.5 ppm for cadmium, 121.6 ppm
for chromium, 227.37 ppm for copper, 91.87 ppm for nickel, 240.30 ppm for lead
and 254.16 ppm for Zn. In this study, the following trend of heavy metal
contamination was established. Excessive level of Pb was observed in the upper
most soil layer (Mean value- 240.30 ppm) as compared to all the other elements.
In the first, second and third foot of strata, the predominating heavy metal was
mainly Cu with an average value of 206.11 ppm and 227.37 and 190.26 ppm,
respectively.
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Figure 4: Heavy metals concentrations in soil samples of Viswakarma Industrial
Avrea, Jaipur district.

6.3 DISTRIBUTION OF STUDIED HEAVY METALS IN DIFFERENT
LOCATIONS OF KOTA DISTRICT

The change in the heavy metal concentrations were recorded in 4 different
locations of Kota district. Soil samples were collected from the industrial region
of Indraprastha, Chambal, RIICO Paryavaran and Large scale area; and these
industrial areas were designated as location 5, 6, 7 and 8, respectively. The results

concerning industrial areas of Kota are given in Table and Figures (5, 6, 7 and 8).

6.3.1 Distribution of heavy metals at location 5 - Indraprastha Industrial
Area (Table and Figure 5)

Plumbism was evident in all the strata with maximum concentration of Pb (940
ppm) as compared to other studied heavy metals. The concentration of Pb ranges
from 36.85 ppm to 940 ppm. The second most prevalent heavy metal was Zn with
the average mean values of 312.21 ppm (upper surface), 301.56 ppm (first feet)
and 257.56 ppm (second feet). However, in third feet of strata, Zn was
predominating heavy metal with the average mean value of 275.52 ppm. Highest
mean value for Cd (22.83 ppm) was observed in third foot of strata. Cr and Ni

were showing elevated concentrations in second foot layer with the mean values
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of 174.07 ppm and 86.85 ppm, respectively. Average concentration of Cu was
present maximum at first feet of strata (222.65 ppm).
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Figure 5: Heavy metals concentrations in soil samples of Indraprastha Industrial
area, Kota district.

6.3.2 Distribution of heavy metals at location 6 - Chambal Industrial Area
(Table and Figure 6)

Heavy metal distribution in Chambal industrial area showed elevated levels of all
heavy metals in the uppermost surface. The maximum average concentrations of
Cd, Cr, Cu, Ni, Pb and Zn in topmost surface were found to be 25.29 ppm, 184.74
ppm, 210.85 ppm, 51.02 ppm, 371.80 ppm and 292.64 ppm, respectively.
Minimum average concentration of Cd, Ni and Pb were present in the third feet of
strata (15.06 ppm, 21.36 ppm and 269.87 ppm, respectively), while Cu mean
concentration value was least in the first feet of strata (125.85 ppm). Cr and Zn in
second foot of sediment were revealing lowest mean concentration values of

104.15 ppm and 169.86 ppm, consequently.
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Figure 6: Heavy metals concentrations in soil samples of Chambal Industrial
Area, Kota district.

6.3.3 Distribution of heavy metals at location 7 - RIICO Paryavaran
Industrial Area (Table and Figure 7)

Results for Cd, Cr, Cu, Ni, Pb and Zn concentrations in the soil samples of RIICO
Paryavaran Industrial Area are presented in Table 7. In the present study, level of
cadmium was found in the range of 2.87 ppm to 37.89 ppm. Maximum and
minimum mean concentrations of Cd were observed in the uppermost surface soil
(21.64 ppm) and first feet of soil (7.27 ppm) samples, respectively. Maximum
average Cr and Pb content were found in upper surface (200.11 ppm and 335.27
ppm, respectively), which is much higher than the minimum obtained mean
concentration values (62.53 ppm and 221.57 ppm, respectively) from the third feet
of strata. The mean concentration values of Cu and Zn were minimum in second
feet of strata (174.51 ppm and 159.16 ppm, accordingly) and maximum in
uppermost surface (238.23 ppm and 284.64 ppm, respectively). Ni average mean
value was highest in third feet of strata (86.72 ppm) and lowest in first feet of

sediments (58.22 ppm).
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Figure 7: Heavy metals concentrations in soil samples in RIICO Paryavaran
Industrial Area, Kota district.

6.3.4 Distribution of heavy metals at location 8 — Large scale Industrial Area
(Table and Figure 8)

Table and Figure 8 show the content of heavy metals in the soil of the selected
area. Maximum heavy metal loads of the soils in the study area are 42.78 ppm for
Cd, 358.09 ppm for Cr, 423.98 ppm for Cu, 181.08 ppm for Ni, 528 ppm for Pb
and 443.88 ppm for Zn, whereas minimum heavy metal load for Cd, Cr, Cu, Ni,
Pb and Zn are 7.89 ppm, 15.9 ppm, 24.68 ppm, 17.95 ppm, 42.98 ppm and 34.98
ppm, respectively. Maximum average concentration of Cd, Cr, Cu Ni, Pb and Zn
are present in the uppermost surface with mean values of 28.44 ppm, 177.39 ppm,
253.98 ppm, 85.38 ppm, 359.32 ppm and 272.65 ppm, respectively.

Minimum mean concentration values of Cd, Cr, Cu Ni, Pb and Zn are found to be
14.88 ppm (third feet), 74.32 ppm (first feet), 149.54 ppm (second feet), 42.37
ppm (first feet), 219.65 ppm (third feet) and 159.59 ppm (third feet), respectively.
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Figure 8: Heavy metals concentrations in soil samples of Large scale Industrial
Area, Kota district.

128



€ =U (uea\ 8y} JO 10113 pIepuelS) "IN'I'S F UEd|A aJe Sanfep

GC'9EFLL9TT YT LEFE0CYT 6.'9TFES'T8 2E'8CFELYTT T6'8GF59°0LT ¢6'0+6L°€ ‘IN'T'SFURSIN o

9891 VASAY] ¥'89 €199 9’9 95°¢ wNWiuI m

e

9y L9T ¢9'8.1 AN LV'€9T 6¥°99¢ €9 wnwixe -

LS EFEV'ETT L 9v+¥6°0ST €6'G¢+58'98 98'9¢+1¢'86 9L’ LSF.SV9T 8ET+19°S N'T'STUBIN |4

(<3

Ly Ov 78'89 18'Sy 86'1S 9€'69 GlL'¢ wNWiuI M

(5]

¥8'991 86°L61 L8'VET L8YYT ¢L'8S¢ ST'. WNWIXen 3

Ly 6vFITECT ST'8GFTS'T9T TG'C¢+9.°99 ¥8'72¥2C'86 60'7S+6.L09T ¢E'€+8L'8 NFSFUBSN |

(5]

LT'[E T€'€9 S9'T¢ ¢899 LT°99 LTS wnwiuiy m

¥5'80¢ L€19¢ ¢.'86 cLev 76°9€¢ rAA1) WNWIxXen =

€1'9G¥29'6TT G8'/GF65 V8T vy L12F6v'0L LT LEFOS VYT L0'€6¥19°00¢ 76°'T+T.'8 ‘IN'T'STFURSIN m

9.¢1 8T'¥8 18'G¢ 8T'€eL T.9S L9°S wNWwiuI w

&

L1°90¢ 9'v8¢ 87°0¢T 7€'861 €8'v.e vecT WNWIxXen m"
uz ad IN no 10 PO ealy [elisnpul

(wdd) uorreaiusouod elsw AnesH

eandelis
-T UONEIOT]

01s1p ndrep tease jernsnpu] eande)s Jo sajdwies [10S Ul SUOIRIIUSIUOD S|rIaW AARSH ‘T 3|qel

129



€ =U (uea\ 8y} JO 10113 pIepuelS) "IN'I'S F UEd|A aJe Sanfep

ET'GCFry' LS 68°L9F66°0.T 68'T¢¥8.'SY 6Y LSFYSTCT 0C'Lv¥SY' L6 L0€F88°0T ‘W'SFUBIN |

(5]

18'. LT¢E 8€'6T 9¥'S¢ 9'v¢ 8.6 wNWiuI m

e

9v'68 8'¢6¢ 8,68 ¥'8¢¢ 9/'G98T 1897 wnwixe -

8TCE+Y8'8. LC'G9+89°LCT €6'0T+580€ 80°9V+ST v6 L'89F97'9¢T Ly'¢+99°8 N'T'STUBIN |4

(<3

L9'T¢ 8T'9¢ 186 1987 8/'GE 19 wNWiuI M

(5]

8EVET L6°Lv¢ 188y L8781 ¢8'€S¢ L9ET WNWIXen 3

9S'TEFVT V. 99'G/¥¢6'98T 2S9T+E8'CY TECr+56'79 8€'C9+E6'S0T 76 TF7S'L NFSFUBSN |

(5]

1997 8.'GS €L'GT 9607 917'8¢ 80'S wnwiury m

19°9¢1 (A WARS 8L¢C. TE8YT ev'8¢e 91T WNWIxXen =

G0'¢/FvC 88T S6°'9.FTV'CTC 8/'€CF/0'VS LT'0/F8E6ET 96'6/F65'85T Y v+6.L°9T ‘IN'T'STFURSIN m

68'GY 9g¢L 19T 89'G¢ L8'¢Y 9,07 wNWwiuI w

&

¥8'8.¢ L9°GV€ 8.'86 8Y°L9¢ T16°50€ 18'€¢ WNWIxXen m"
uz ad IN no 10 PO ealy [elisnpul

(wdd) uoireaausdouod elsw AnesH

eJemjoyr
-¢ uoljedo]

"01s1p Indrer :ealy [eLIsnpu| eJemioyc Jo sajduwes [10S Ul SUOITRIIU32U0I s[e1all AAeaH g ajge.L

130



€ =U (uea\ 8y} JO 10113 pIepuelS) "IN'I'S F UEd|A aJe Sanfep

9%'8G+80°¥7¢T GE'SY+EL 86 0L'9¢*T0°¢CL 18'8G+90°L.L 8G°0Z+¢0'6E TLv+69°¢CT ‘WI'SFUeSN |
[«5)

8L'¢Yy 19°6€ 1E°€C €8°LT 9¢'0T ¢L'9 winwiunp m

z

19'8€¢ VASWAY 8L'EVT 691761 6'8. 18'T¢ wnwixe a
¢S'9V+16'¢0T 4 AVCETA AN 69'GE+09°68 9¢'T.+T9'88T ¥2'19%¢G¢cT 8E'G+CC VT ‘W3 'SFURIN =
[«5)

88'9¢ G9'6T 96°¢CE 117V % 89°/¢ 68’8 winwiunp M

(&)

1261 8.'6T¢ 87'94T 8T'¥8¢ 8¥'8G¢ 19V wnwixe &
/€G0T+08°0T¢ ¢v'a8+¢9'T¢e €1'¢¢+90°.LE ¢€'19¥7S6° 79T /G EEFL) 689 €CCFC9 ‘W3’ 'SFUBIN -
[«5]

L¥'8¢ ¢v'99 191 1€'8€ GEET G6°¢ winwiuiy m
87'€6€ 79'9€€ €V'8.L 8G9'89¢ 8¢'q¢T LTTT wnwixe .
80'€8¥G8°28T €.'98¥09'8%¢ 99'8¢+6T°LS 9T'2.¥92°00¢ 29°2.¥86'¢VT 9T v+CECT ‘W3 'SFUBIN m
86'9¢ 16'/8 8L'€C 68’6V 9¢€'/€ yXAA winwiunp w

i

19°0TE 18°08¢ 0CvTT 26'66¢ L'T18¢ G.°0¢ wnwixe m”

uz ad IN no 1 PO 3V [e1snpu|

(wdd) uoireaausouod elsw AnesH

O2l11d
-€ Uuo1ed0

"01s1p ndrer ealy [erasnpu] ODI1Y Ul sajdwies [10S Ul SUOIRIIUSOUOD S|RIaW AARSH € 8|qeL

131



€ =U (uea\ 8y} JO 10113 pIepuelS) "IN'I'S F UEd|A aJe Sanfep

28'6YFEE’ L6 96°LLFCL'TYT 8G'€C¥/8'T6 68'C/F9¢°06T ¥S'8EFIVCL 60°€FSSTT ‘IN'T'SFURSIN o

68'8T ¥8'L1 L8'VE 86°LY L9'6T L8'S wNWiuI m

e

T8t 19°68¢ 86°67T 89'8/¢ 8G'GGT €161 wnwixe -

LT T9+8Y'1ST 9v'8.¥8'G.LT 0'6¢+.6'8L G6'88FLE"LCC 8L°LV+¢S'V8 G6'v+08'ST N'T'STUBIN |4

o

8L¢y v9'1v €9'v¢ 6799 €Lee 8.9 wNWiuI M

3]

68'G17¢ 68L1€ ST'vCT 8L°LS€ 18'8.T 98°/¢ WNWIXen 3

T8'LSFSC'09T GC'¢8¥66°'T8T ov'6T+65° 67 TE9LFTT'90¢ €CY9FITCT SL°[F5'C¢ NFSFUBSN |

@

78'99 G9'8¢ 18°CT LT'8V 87'GE 8TVT wnwiuiy m

9/'9G¢ 8L'v¢E 9T'/8 LT'BTE or'8¥¢ SIAAS WNWIxXen =

LT L6F9T'¥5¢ 29 LTTF0E01¢ ¥S'L¢¥G9°€S 6¢'LLFTT68T €G'EOFLLYTT 00°G+¥.°0¢ ‘IN'T'STFURSIN m

19V 8G¢S 19T 95've 182 68'TT wNWwiuI w

&

18,0V L9°6EY TS€0T 19'8.¢ 8/°G€¢ €9'T¢ WNWIxXen m"
uz ad IN no 10 PO ealy [elisnpul

(wdd) uorreaiusouod elsw AnesH

BULIBYEMSIA
- UOI11e207

"J0LISIP Andier (ealy [eLISNPU| BULIEYRMSIA JO Sajdwes [10S Ul SUOITRAUSIU0D S[e1aWl AAesH “t a|gel

132



€ =U (uea\ 8y} JO 10113 pIepuelS) "IN'I'S F UEd|A aJe Sanfep

GT'G0T+¢S'S/C T9'86F6C V€C 8G'9¢¥1C'SE Y2 ELFET 6V T.0/¥60°0LT 0,99+€8°¢¢ ‘W'SFUBIN |

(5]

68'90T 68'09 L6'T 7897 LT9Y L0'T wNWiuI m

e

898G 86°68€ 8.°/8 95°0.L¢ v 06¢ 899 wnwixe -

TL'86%95°LS¢ 99'€9+.5'18¢ €6'G¢+58'98 98 9VF1C VT 9/,°'9S¥/0V.L1 19'8¥98°¢CT N'T'STUBIN |4

(<3

68 V1T ¥8'0€T 18'Sy 86°0.L §6°9. 18T wNWiuI M

(5]

Z8°0vy 68°0cY L8'VET 18°0€¢ AN VX 98'6¢ WNWIXen 3

0L°€0T+99'T0¢€ SP'89T+TS'E6E S¢'L7+86°08 87" ¢TT¥599°¢¢e ¥0'85+8¢'8¢T 7S'6¥6T°9T NFSFUBSN |

(5]

TL°0ST 9586 89°¢CT L6°CT 8.8y 99T wnwiuiy m

86809 86°'T89 86°097 60°86€ 60°0€¢ Tve WNWIxXen =

YA 4 S AT AR 8Y'V/2¥19°¢0V 1S'CEFT6'V9 T€'00T+5¢¢2¢ ¥0'09FTS GV T ST'OT+ET'0¢ ‘IN'T'STFURSIN m

68°'S61 G8'9¢ 68°¢CT 8L'YS 8689 L0'T wNWwiuI w

&

8198€ ov6 68'7CT L9°TOY G9'G6T €L'GE WNWIxXen m"
uz ad IN no 10 PO Baly |elisnpul

(wdd) uorreaiusouod elsw AnesH

eyiseadeupul
-G U0NEI0T]

"JOLIISIP B0 AV [elnsnpu] eyiseidelpu) 4o sajdues [10S Ul SUOITEIIU3dUOI S[e1aWl AARaH °G ajge.L

133



€ =U (ues\ 8y} JO 10113 pIepuelS) "IN'T'S F UES|A aJe Sanfep

Y0'TGFT99LT €6°'¢6F.8'69¢ 08'€TF9E'TC 2y’ 16798'60¢ 90'95F¥5'¢CT 88°L¥90°ST ‘W'SFUBIN |

(5]

18'8L 86'9TT 8L'T 98'¢9 L8'GE S¥'S wNWiuI m

e

86°05¢ 1815y G9'8Y 98°L.E 86°0€¢ L9°¢CE wnwixe -

CY'66F98691 ¢6'ETT+7S'96¢ €0'9T+90°6€ 06°68+79°00C G0'GS+ST'v0T 8C'TT+58'6T N'T'STUBIN |4

(<3

¥8'LE 8L°9L 9v'8T 1899 8L°0¢ 6L wNWiuI M

(5]

189G€ 86°LGY 1869 18°LVE L8'VT¢ 8L¢y WNWIXen 3

¢¢'90T+56'LEC L6'62T+87'60E T6'STFET'8E 9€'GG+58'GCT T8'€LF5. 95T 08'€T+ES'6T NFSFUBSN |

(5]

86'¢8 19'8. G8°LT 8L'LE ¥8'¢Ce 144 wnwiuiy m

86'8¢Y 68'9¢9 9.°19 68°L¢c¢ 18'88¢ 68'¢S WNWIxXen =

£€8'60TF79'¢6¢ T9'TOTF08'T.E L0'6T¥20°TS Z¥'90T+58'0T¢ €L V0T+EL V8T L8 LT+62°S¢ ‘IN'T'STFURSIN m

¥6'98 ¥8'18 96'8T €L°19 G8'G¢ 9v'¢ wNWwiuI w

&

16°LLY 19¢/S €978 98'8T¥ G.°08€ 87'8S WNWIxXen m"
uz ad IN no 10 PO ealy [elisnpul

(wdd) uorreaiusouod elsw AnesH

lequieyd
-9 uoijedo

"JOLISIP B0 (A [LISNPU| [equieyD JO sajdwes 10S Ul SUOITRIIU32u0d sje1awl AAeaH 9 ajge.L

134



€ =U (uea\ 8y} JO 10113 pIepuelS) "IN'T'S F Ued|A aJe Sanfep

Zr'T0TF¥2 28T 8T T6¥.G°T2C 2T vvFeL 98 LT'69F79°86T L0'TEFES 29 TT'LF16°0C WI'STUBIN |
(5]
[«5)
86'69 86'2Y 86°0F 8695 18CT 8L, wnwiu |
£
T
L8168 G8'T.E 60°€LT 860T€E 9/°0€T 86'€ WiNWIXe|n
EV'€0TFIT'6GT 2€'80TF10°082 OV TYFTE€L 9E'8YFIS VLT TEEVFOC 76 G9'GT¥56'8T NT'STURIN |
(<3
Y
S6'LY 86'T9 1802 862y 86'0C 8'S wnwiuIA m
(5]
[¢b)
95°2.€ 80°0TY 86'85T 1598¢ G9'2LT 18'8C wnwixepy |
€6'20TF./8'617C 67 LTTF79'L6C 0v'Zy¥¢e'8S 20°LIFTESLT 08'TV¥.268 Ov'EFLT L NI STUBN
@
(<3
63'86 16'69 18'1T 180V /1871 182 WnWIuIN |5
1S
=
18'8¢Y 86'GEY 6'EVT 86'78¢ 18'95T 86°CT WNWIXe
98°00TF79' 782 6.°20TF.2'SEE 99'8YF.5'98 8€'G0TFEZ'8EC Zy'ZTTFIT°002 ETLFY9'TC WIsTURSIN | 8
€
86°2TT 86°LYT 98'9¢ 98'GY L8°0F 91’8 wnwiuIA m
(6]
Q.
86'65Y 18'88Y 18287 18°16€ 18'LTY 68°LE wnuwixe |S
BalV [ersnpu]
uz ad IN no 10 PO uelenefied
ele][ }X
(wdd) uorreaiusouod elsw AnesH -/ UOI1eI0"

"JOLIISIP B0 (BaIVY [eLISNpU| UeteArAled OD11Y Ul Sajdwes 10S Ul SUOIRIIU32U0I s[e1awl AAeaH °/ ajge.L

135



€ =U (uea\ 8y} JO 10113 pIepuelS) "IN'I'S F UEd|A aJe Sanfep

8278765651 85'G0TFS9'6TZ S6°06786°0L S0'V6¥S9°E6T ¥/ ¥8¥T0'69T 0L v¥88'YT N'T'STURSIN |

[«5)

86'7E 862y 68°2¢ 86'LE 86'L2 68'. WNWIUIA m

e

69TE 626 60°L2T 60°'S9€E 86°22¢ 8612 wnweny |

90'v8¥5Z 69T 9/°/T1%28'092 12'52¥86'9y 66'68F/S 6T T8'68¥19'S.T 86'G¥88'8T NTSFURI |

[«5)

86T 81'85 86'6T 8972 /8'VE 198 WNWIUIA m

(&)

18'82¢ TLEry 68'L6 86°2TE 682V 6892 wnwnen |9

76" 78¥8€ 08T ZEETIFSE 9/ €9'ETFLETY S7'Z6¥86'S0C SETHFIE VL 8T°/F99°TZ WISTUBIN |

[«5]

IS'Ly 86°LL S6°LT 68°Ey 6'ST 6 WNWIUIA m

Z5'8€€ 2589 1006 86°L9€ 86'95T 86'7€ WNWIXe =

67'S6759'2/2 GE'L0TFHE 6SE 12°7r78E'S8 b 70TF86'E5Z T0°€6¥6€°2LT 86'8¥1'8Z NTSFURIN |

68'€0T 96'LGT 86'SE 8695 29°CE 8LET WNWIUIA m

5

88'Ery 86'8¢S 80'18T 86°€Z 60°85€E 8LTy WNWIXe mn
uz ad IN no 10 o) ealy [elisnpu|

(wdd) uorreaiusouod elsw AnesH

a|eas abue]
-8 uoELIoT]

"JOLISIP B0 :BaIV [eL]sSnpu] ajeds abie Jo sajdwes [10S Ul SUOITRAUSIU0D S[e1aW AAesH ‘g a|gel

136



6.4 pH ANALYSIS

The results of pH analysis are shown in Table and Figure 9. In the present
study, soil samples were collected from four zones of Jaipur and four zones of
Kota industrial areas. In all the location, when we moved from surface to deep soil
area, the acidic nature of soil decreased. In the present study, the soil samples
from the industrial area showed an acidic pH. The acidic behavior of soil is
responsible for heavy metal leaching, which in turn increases the amount of heavy
metals in soil. An acidic soil can free many toxic metals from its combined state
which in turn can make the soil toxic.

In Jaipur industrial areas (location 1, 2, 3 and 4), the pH of location 1
ranged from 6.2 (acidic) to 7.2 (alkaline). The upper surface of location 2 was
found to be maximally acidic (pH-5.8) and this pH restored near to neutral at third
feet (pH-6.8). In location 3, same behavior was observed. On the other hand, in
location 4, pH range was 6.1 to 7.3. Maximum alkaline condition was found in the
third foot of strata (pH-7.3) at location 4.

Industrial areas of Kota (location 5, 6, 7 and 8) are also showing similar results. In
location 5, the uppermost surface is showing maximum acidic condition with a pH
value of 5.8. At third feet of strata, the pH become near to neutral with a pH value
of 6.8. In location 6, pH values ranges from 5.9 (uppermost layer) to 7.1 (third
feet of strata). Location 7 is also showing maximum acidic condition in topmost
layer (pH- 6.4) and pH becomes slightly alkaline at third feet of strata (pH-7.2). In
the location 8, pH value ranges from 6.3 (uppermost layer) to 7.1 (third foot of

sediments).
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Upper First | Second | Third

Location | surface(0 | feet(30 | feet(60 | feet(90
Cm) Cm) Cm) Cm)
1 6.2 6.4 6.9 7.2
2 5.8 6.2 6.3 6.8
3 5.9 6.2 6.6 6.9
4 6.1 6.6 6.8 7.3
5 5.8 6.3 6.4 6.8
6 5.9 6.7 6.8 7.1
7 6.4 6.7 6.7 7.2
8 6.3 6.6 6.8 7.1

Table 9: pH values at different locations of Jaipur and Kota district.

6.5 CORRELATION BETWEEN HEAVY METALS

Correlation analyses have been widely applied in environmental studies.
They provide a useful way to disclose the relationships between multiple variables
and thus have been helpful for understanding the influencing factors as well as the
sources of chemical components. Heavy metals in soil usually have complex
relationships among them. The high correlations between heavy metals in soil
may reveal that the accumulated concentrations of these heavy metals come from
similar pollution sources. The results of the Pearson's correlation matrix of heavy

metals in the surface soils of Jaipur and Kota Industrial Area are shown in Table

10 (A) and 10 (B) respectively.
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Table 10 (A): Pearson’s Correlation matrix of heavy metals in the surface soils of

Jaipur.
Cd Cr Cu Ni Pb Zn
Cd 1
Cr -0.19 1
Cu 0.62 -0.11 1
Ni -0.05 0.10 0.22 1
Pb 0.29 0.17 0.45 -0.41 1
Zn 0.47 -0.03 0.52 -0.15 0.71 1

Table 10 (B): Pearson’s Correlation matrix of heavy metals in the surface soils of

Kota.

Cd Cr Cu Ni Pb Zn
Cd 1
Cr 0.01 1
Cu -0.14 -0.001 1
Ni -0.25 0.11 0.35 1
Pb -0.18 0.27 0.51 0.22 1
Zn 0.25 0.47 0.26 0.29 0.74 1
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The correlation coefficient between Pb and Zn are 0.71 and 0.74, which indicates
a strong linear correlation and a common origin of these metals. Cu and Zn, Cu
and Pb formed another correlated pair with a correlation coefficient of 0.52 and
0.51, suggesting they probably originated from the same common sources. From
Table 10 (A), Cd exhibited strong positive correlations with both Cu (0.62) and
Zn (0.47). Cu and Zn occur naturally at abundant levels and are thus barely
affected by human activities, which explain their apparent correlation in the
surface soils. Cd is also widely scattered in the Earth’s crust, and its correlations
indicate that its occurrence in the surface soils was mainly due to natural sources.
Zn and Cr formed another correlated pair with a correlation coefficient of 0.47
from Table 10 (B). The lack of significant linear correlation between, Cr and Ni
with other heavy metals from Table 10 (A) and Cd with other heavy metals from
Table 10 (B), suggests that its sources were quite different from those of the

others.
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Abstract

The imbalance between incoming and outgoing salt causes salinization of soils and sub-soils that result in increasing the salinity of
stream-flows and agriculture land. This salinization is a serious environmental hazard particularly in semi-arid and arid lands. In order to
estimate the magnitude of the hazard posed by salinity, it is important to understand and identify the processes that control salt
movement from the soil surface through the root zone to the ground water and stream flows. In the present study, Yamuna sub-basin
(both sides of Gokul dam site) has been selected which has two distinct climatic zones, sub-humid (upstream of Mathura) and semi-arid
region (downstream of Mathura). In the upstream, both surface and ground waters are used for irrigation, whereas in the downstream
mostly groundwater is used. Both soils and ground waters are more saline in downstream parts of the study area. In this study we
characterized the soil salinity and groundwater quality in both areas. An attempt is also made to model the distribution of potassium
concentration in the soil profile in response to varying irrigation conditions using the Soil-Water Infiltration and Movement (SWIM)
model. Fair agreement was obtained between predicted and measured results indicating the applicability of the model.
© 2015 International Research and Training Center on Erosion and Sedimentation and China Water and Power Press. Production and
Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: SWIM; Disc permeameter; Guelph permeameter; Hydrolysis; Soil moisture

1. Introduction

In arid and semi-arid regions the imbalance between incoming and outgoing salt has resulted in accumulation of salts in
the irrigated soils. Since, the salt tolerance of crops is often based on the concentration of salts in the saturated extracts; it
would be useful to have a method to predict the salt concentration throughout the soil profile under field conditions. In order
to estimate the magnitude of the hazard posed by salinity, it is important to understand and identify the processes that
control salt movement from the soil surface through the root zone to the ground waters and stream flows.

Modeling and monitoring transport of water and solutes is further complicated owing to temporal variation
resulting from chemical non-equilibrium and the structure of the soil. The most challenging problem confronting
mathematical modeling of solute transport in field soils is how to effectively characterize and quantify the geometric,
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Fig. 1. Index map of the study area (Yamuna sub-basin) with groundwater sampling.

hydraulic, and chemical properties of porous media. The process can be explained through several mathematical
models based on Convective Diffusion Equations, Soil Water Infiltration and Movement (SWIM) etc. (De Rooij &
Stagnitti, 2000; Evans & Stagnitti, 1996; Rajmohan & Elango, 2001; Srivastava & Brusseau, 1996; Stagnitti & Li,
1999, 2001; Valocchi, 1985; Xu & Brusseau, 1996).

The impact of agricultural activities on ground water is closely related to the quality of water from precipitation
and irrigation. Soil-water systems in the unsaturated zone are highly complex. Firstly, it is seldom in stable
equilibrium and is in constant flux. The degree of saturation of soil-water () varies both in time and space. This in
turn affects flow parameters namely the suction head /() and the hydraulic conductivity K(6), which are not unique
functions of @ but exhibits hysteresis.

Water quality issues originated through leaching of water soluble contaminants stems from the lack of
understanding related to soil transport phenomenon, as an example fertilizer application in an agricultural field
results in leaching of fertilizer ions in ground water unplanned during irrigation. Thus it is important to understand
and develop a suitable transport model addressing simultaneous transport phenomenon of soil water and
dissolved salts.
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In this study, the solute transport process in two agricultural zones representing sub-humid (Mathura to Kosi) and
semi-arid (Mathura to Agra) conditions in Yamuna sub-basin has been modeled using the Soil-Water-Infiltration-
Movement (SWIM) model (Ross, 1990). Saturated hydraulic conductivity was measured in the field using a Guelph
permeameter and soil sampling was done before and after application of fertilizer (N-P—K). Soil moisture retention
characteristics were obtained in the laboratory using the Pressure Plate Apparatus.

2. Study area

The study area extends between 74°20 and 75°E longitude and 15°20 and 15°40 N latitude in the Mathura district
of Uttar Pradesh (Fig. 1). To harness the waters of the Yamuna River, a dam has been constructed at Gokul, Mathura
district to impound 1377 million cubic meter of water. There are three seasons prevailing in the catchment, the
summer from March to May, the monsoon from June to November, and the winter from December to February. The
Yamuna river sub basin has two distinct rainfall regimes, i.e., the area upstream of Mathura to Kosi has an annual
average rainfall of 1200 mm, whereas downstream of Mathura to Agra, the average rainfall is 700 mm. The major
soil groups in the catchment are clay loam soil (Ultisols), black soil (vertisols) in upstream and sandy loam soils
(mainly Alfisols), black soil in downstream. The land use pattern of the Yamuna sub-basin shows that 15.4% is
covered by forests, 10.5% shrub, 7.9% waste land, 38.1% cropped area, 24.2% fallow land, and the remaining 4.0%
is occupied by water bodies.

2.1. Materials and methods

Ground water samples were collected from selected wells (locations are shown in Fig. 1) during pre-monsoon and
post-monsoon seasons and analysed for various chemical parameters such as, electrical conductivity (EC,), total
alkalinity (Carbonate CO5 and bicarbonate HCO3), total dissolved solids (TDS), chloride (Cl), sulfate (SO,), sodium
(Na), potassium (K), calcium (Ca) and magnesium (Mg) using APHA methods (Carter, 1993). Soil samples were
collected from agriculture fields located at Mathura to Kosi (upstream) and also from Mathura to Agra (downstream).
Soil extracts were prepared by stirring 20gm of soil sample into 50 ml water, and analysed for chemical parameters.

The cation exchange capacity (CEC) of a soil is the total negative charge of the soil measured under specific
conditions. Its determination involves the saturation or all the charges by one cation. Conventionally, for soils with
less than 7.0 pH. Ammonium (NH,) is the cation of choice, and the determination is done at pH 7.0 by leaching the
soil with NH,OAc solution buffered at that pH. Kjeldahl distillation apparatus was used for the estimation of calcium
and magnesium. Sodium and potassium were determined by analyzing the ammonium acetate extract directly for
sodium and potassium using Flame photometer.

2.2. Estimation of soil hydraulic properties

Saturated hydraulic conductivity was determined by using a disc permeameter and a Guelph permeameter.
Saturated moisture content was estimated by the gravimetric method (Hillel, 2012). Soil moisture retention
characteristics were determined by using pressure plate apparatus. Detailed methodology is given below.

2.2.1. Disc permeameter

The disc permeameter (Perroux & White, 1988) was used for the determination of soil hydraulic conductivity at
the surface. The instrument allows a constant supply potential, either positive or negative, in a manner analogous to
ponded ring devices. Based on the expression developed by Wooding (1968), for three dimensional flow from a
circular disc, the steady state infiltration (g,.) is expressed as Eq. (1)

4b(Sy)”
Gy —6,)nr

where b is a constant taken as 0.75 (Smettem, Parlange, Ross, & Haverkamp, 1994), 0, is the saturated moisture
content and 6, is the in situ moisture content, r is the radius of the disc (0.1 m). When the disc permeameter test is
run, data are collected to obtain cumulative infiltration at various times after the start of the test. Sy can be found from
the slope of early-time plot of g, vs. St and g, from the slope of the late time plot of g, vs. #. The water content

9o =K+ ()
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Fig. 2. Framework of SWIM Model.

is measured before and after the experiment (by taking soil samples for gravimetric water content multiplied by dried bulk
density determinations) to obtain the saturated moisture content (6,) and in situ moisture content (d,). Thus K can then be
calculated from Eq. (1). The disc permeameter is portable and can be used for the measurement of infiltration, hydraulic
conductivity, and pore characteristics, although only the hydraulic conductivity is reported here.

2.2.2. Guelph permeameter

The Guelph permeameter (Reynolds & Elrick, 1985) was used to determine the depth-wise field saturated
hydraulic conductivity. The method involves measuring the steady state rate of water recharge into unsaturated soil
from a cylindrical well hole, in which a constant depth (head) of water is maintained. Constant head level in the well
hole is established and maintained by regulating the level of the bottom of the air tube which is located in the center
of the permeameter. As the water level in the reservoir falls, a vacuum is created in the air space above the water. The
vacuum can only be relieved when air, which enters at the top of the air tube, bubbles out of the air inlet tip and rises
to the top of the reservoir. Whenever the water level in the well begins to drop below the air inlet tip, air bubbles
emerge from the tip and rise into reservoir air space. The vacuum is then partially relieved and water from the
reservoir replenishes the water in the well. The size of opening and geometry of the air inlet tip is designed to control
the size of air bubbles in order to prevent the well water level from fluctuating.

The steady state discharge from a cylindrical well in unsaturated soil, as measured by the Guelph permeameter
technique accounts for all the forces that contribute to three dimensional flow of water into soils, the hydraulic push
of water into soil, the gravitational pull of liquid out through bottom of the well, and the capillary pull of water out of
the well into the surrounding soil. The Richard analysis is the basis for the calculation of field saturated hydraulic
conductivity (Carter,1993).
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3. Soil Water Infiltration and Movement (SWIM) model

Ross (1990) proposed the SWIM model which is based on a numerical solution of the Richards equation and the
advection—dispersion equation. In the present study, the model has been applied to simulate the movement of solute
in the unsaturated zone. The physical system and the associated flows addressed by the model are shown
schematically in Fig. 2. Soil water and solute transport properties, initial conditions, and time dependent boundary
conditions (e.g., precipitation, evaporative demand, solute input) were provided in order to run the model (Verburg,
Ross, & Bristow, 1996).

3.1. Theoretical development

Assuming a homogeneous and isotropic porous medium, the one-dimensional partial differential equation
describing the transport of an interacting, degrading solute can be written as

00C;  d(ps;) 9°0C; oC;
=D - + ¢, 2
o T a { 0z? } q{az}_¢’ @

where C; is concentration of solute (parent material or metabolite, i), in the solution phase; s; is concentration of
species i in the adsorbed phase; 8 is volumetric water content; g is Darcy's flux; ¢ source-sink term denoting the rate
of species i transformation in the degradation pathway; D is apparent dispersion coefficient dependent on @ and g; p
is soil bulk density; z is vertical coordinate measured vertically down-ward' and ¢ is time.

The apparent dispersion coefficient represents the combined effects of molecular diffusion and mechanical
dispersion (velocity-dependent). This combined expression can be written as

D:Dm—i-a‘V) 3)

where D,, is molecular diffusion coefficient dependent on the moisture content 8; V = ¢/6 is effective pore-water
velocity; and a is dispersivity. In laboratory experiments using relatively homogeneous porous media, values of
dispersivity a, determined from breakthrough curves of conservative non interacting solutes such as chloride, are
known to be of order of 0.01-1.0 cm. In contrast, field modeling studies use values of the dispersivity in the range of
10-100 m, which are three to six orders of magnitude larger than typical laboratory studies. This wide difference in
field and laboratory dispersivity estimates may be due to the non-homogeneous and anisotropic nature of the field
flow system compared to homogeneous, isotropic conditions of laboratory tests (Reddell & Sunada, 1970).

Given that Eq. (3) is valid for defining the apparent dispersion coefficient for saturated and partially saturated flow
conditions and that the mechanical dispersion term is analogous to molecular diffusion in effect, but not in
mechanism, assumption of steady flow (00/0r = 0) reduces Eq. (2) to
oC; p 0S; _0°C; oC; 1

a Yo a =Poz Ve Tot @
Eq. (3) is a generalized expression representing transport, adsorption, and transformation of a single solute species i.
The source-sink term ¢; in Eq. (4) represents the sequential steps in the degradation pathway from the parent material
to the first-step product, from the first-step product to the second-step, and so on to the end of the nth product. The
term ¢; does not reflect either adsorption to the soil matrix of a degradable chemical or its metabolites, nor plant
uptake and volatilization. The term S; represents the amount of parent material or metabolite adsorbed to the soil. If,
for simplicity, one assumes an existence of a local equilibrium and linear adsorption isotherm solution and adsorbed
phases, then.

Si=K,uCi (i=1,2,......,N) Q)

where K,; is the distribution or partition coefficient for the solute species i. Taking the derivative of Eq. (4) with
respect to time, ¢, yields

aS; daC;
Bk, (W) ©)
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Transformation process determines the fate and persistence of chemicals in the unsaturated and saturated zones.
Principal among these processes are microbiological degradation (biodegradation), hydrolysis (chemical degradation)
and volatilization. The driving force behind these reactions is the microorganism’s need for energy, carbon, and other
essential nutrients. Thus, the rate of biodegradation depends on both the concentration of the chemical and the size of
the microbial population. Hydrolysis is a transformation process that changes the chemical speciation of an organic
contaminant. It is the reaction of the chemical with water resulting in an exchange of some functional group from the
organic molecules with a hydroxyl (OH™) group. Like bio degradation, the extent of contaminant attenuation
depends on both the chemical properties of the contaminant and the aqueous medium. Both transformation processes
can be mathematically represented by first-order kinetic reactions (Smith & Johnson, 1988). In this study the
degradation pathway of the solute can be represented in a manner similar to Wagenet and Hutson (1986) as

[Ci]?[CiJr 1]?[@42]

k' ko' ks

product product product @)
where k;(i=1, 2, 3) denotes the first-order rate constants of the ith degradation step; and k'; (i = 1, 2) denotes the
rate of constants for hydrolysis. Based on Eq. (7) and assuming that hydrolysis processes produce innocuous
products which can be neglected in the analysis, the sequential transformations for the parent material and its two
metabolites can be expressed as

= {?} = — (k1 +k'1)OC, (8a)
t

br= {%} — 0K C, — (ka+ k2)6C; (8b)

by = {aacf} — 0k, C — (k3 +K'5)C (8¢)

where the subscripts 1, 2 and 3 represent the parent material and its two metabolites, respectively. Substituting Eq. (6)
and Eqgs. (82)—(8c) into Eq. (4) and upon simplification yields the following expressions for the parent material (i=1)
and its two metabolites (i=2, 3)

oC C aC

R,{a—tl} =D{?21}—V{6—Z1}—(k1+k'1)C1 (9a)
aC ’C aC

Rz{a—tz} =D{?22}—V{a—;}—i-klcl—(kz—i-k‘z)Cg (9b)
oC *C aC

R}{a—;} ZD{?;}—V{()—;}—/QCB—/QCE (90)

where R|, R, and R; are the retardation factors for the parent material and its first and second metabolites, respectively.
These retardation factors represent the extent to which the movement of the parent material or its metabolites are
retarded relative to the water movement in the soil. The retardation factors Ry, R, and R; can be defined as

K 1

R, = {1+p5} (10a)
K 2

Ry = {1+p7”} (10b)
K 3

Ry = {l—l—pg} (10c)

where Kpl, sz and Kp3 are the partition coefficients of the parents material, first metabolite and second metabolites,
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respectively. In solving Egs. (92)—(9c) the initial with boundary conditions

Ci=0 1=0 z>0 (11a)
Ci=C® 0<t<t; z=0 (11b)
Ci=0 t>t; z=0 (11c)
Ci=0 t>0 z=o00 (11d)
g 120 imo (t1e

where C;° (i = 1,2, 3) is the initial concentration of the parent material or its two metabolites and t, is the time for pulse
application of the chemical. Rearranging Eqs. (9a), (9b) and (9c) one obtains

*C oC aC

D{?zl}—v{a—zl}—(k1+k'1)C1—Rla—tl =0 (12a)
»’C oC oC

D{?;}—v{a—;}wlc,—kzcz—&a—: =0 (12b)
»’C oC aC

D{?;}—V{a—;}+k2C2—k3C3—R3a—t3 =0 (12¢)

Values of the transformation rate constants k; and k'; (i=1,2,3) given in Egs. (12a), (12b) and (12c) are assumed to be
constants, although it is well known that microbiologically mediated reactions are functions of many environmental
variables (Ou & Penman, 1989). Inadequate information on the functional nature of these relationships prevents
representation, at present of k; values as other than constants. However, the value of k; can be changed with depth and
time in a manner similar to Tillostson, Robbins, and Wagnet (1980). In obtaining closed-form analytical solutions of
Egs. (12a), (12b) and (12c) the initial and boundary conditions given by Eqs. (11d) and (11e) are modified to

Ci=0 t=0 z=L (13a)
and

oC;

py =0 t>0 z=L (13b)

(i=1,2,3) so as to adequately describe the lower boundary of a finite column of soil of length L.

3.2. Analytical solution

A finite-difference procedure for solving a solute transport equation similar to that developed in this study has been
presented by Wagenet and Hutson (1986). However, the finite difference method, in general, requires extensive data
input (data that may be sparse and uncertain) and detailed familiarity with the numerical code (a process that can be
tedious and time consuming). Furthermore, the method is complicated by the dominating convective term V% which
can give rise to considerable numerical oscillations or dispersion. Therefore, the closed form analytical method of
solution of the solute transport equation offers a useful means for an initial estimation of order of magnitude of the
extent and concentration of the contaminant, Data input is relatively simple and results compare reasonably well with
those obtained numerically (Huyakorn, Mercer, & Ward, 1985).

The standard Laplace transform technique is used to obtain analytical solutions of Egs. (12a), (12b) and (12c)
subject to initial and boundary conditions given in Egs. (11a), (11b), (11c), (13a), and(13b). Because this technique
has been presented in detail by several investigators (Ames, 2014; Bieniasz, 2015; Gokdogan, Merdan, & Yildirim,
2012), only some pertinent steps in solving are outlined in this paper. Additionally, since Eqgs. (12a), (12b) and (12c)
are structurally similar, only the solving procedure for Eq. (12a) is described. For the parent compound (i=1), the
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Laplace transformation of Eq. (12a) with its associated boundary condition given by Eq. (11a) may be written as

d2C1 V dC, 1 —
—_— = —— — —(ky +k')+ =
dz? D dz D{( R

[o¢]
1:/ Ciexp(—st)dt
0

Using Egs. (11a), (11b) and (11c) the solution of Eq. (14) is
_ o
Ci(z,8)= Tlexp(rlz)[l —exp(sty)]

where
1
r= E{V—(V2+4DR1[7<1 +k'D)+s)'"?)

Recognizing that

and applying the convolution theorem to obtain the Laplace inverse of Eq. (16) yields
Ci(z,t)=H(z,t) o<t<t
Ci(z,t)=H(z,)—H,(z,t—1)) t>1

where
Hy(z,1) = C{[Pi(w)]

in which

_ 2V —w) Riz—wt 2V —w) Riz—wt
Pl(a))_O.Sexp{ D }erfc{w}—i-o.Sexp{ D }erfc{(4Dth)l/2

and

w=[V*+4DR,(k; +k'1)]'/?

(14)

(15)

(16)

(17)

(18)

(19)
(20)

21

(22)

(23)

A procedure similar to that outlined above for Cy(z,f) can be adopted to obtain an analytical solution for the second
metabolite denote by Eq. (12b). Thus, for a pulse application of ¢ at the soil surface for a duration #;, analytical

solution of Eq. (12b) yields
Ca(z,1) = Gi(z, )+ Ga(z,1) O<t<ty

Cao(z,1) = G(z,1) = Gi(z, t— 1))+ Ga(z, 1) — Ga(z, t — 11 )t > 1)

where
ki CY |
Gi(z 1) = ™ {exp(—kiD)pa(w2) —exp[ — (ka+ky)t] py(w21) }
ki CY (R
Ga(z,0) = Ki {R_z} {exp(—ki2) [P1(@11) — Pa(@n)]+exp(— 1) [Pa(w23) — Pa(w12)] }
In which

K= (ky+k')—k

kiR — (ko +k2" )Ry

Prn= Ri—R,

24)
(25)

(26)

27

(28)

(29)

iswer.2015.06.004
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2V —wj Rjz— wjt 2V —wj Rjz— wjt
Pi(wjj) = O.Sexp{T}erfc{W +0.5exp D erfc 4DR11 (30)
where [i=1, 2; j=1, 2, 3]
oy =wy =V (31
w12 = (V2 +4DR [k —(k2+k'2])1/2 (32)
. 1/2
Wy = (V2+4DR2[(k2+k2)—k1]) / (33)
1/2
w3 = (V> +4DR[(ky+k'2) —k1]) / (34)

A similar analytical procedure to that outlined above for C,(z, f) can be adopted to obtain the solution of Eq. (12c¢).
Solutions of C(z, 1) and C,(z, t) for application of C? at the soil surface for a duration of #; were obtained using the
superposition principle for ¢ > #; as given by Egs. (20) and (25). From Egs. (20) and (25), it can be easily verified that
Ci(z, )—0 as z— 0 and/or t— oofor small values of ;. Also, for continuous application of C(l)at the soil surface, a
steady-state concentration distribution can be obtained for given z values and t—oco. A FORTRAN computer
program was used to evaluate the solutions for C;(z, f) and C,(z, f) and all computations were carried out in double
precision.

3.3. Model conceptualization

The SWIM model was applied to the Yamuna sub-basin to understand the solute transport characteristics that pass
through the unsaturated zone. This solute enters the soil profile with the irrigation water. Therefore, to account for the
spatial variation of saturated hydraulic conductivity, twelve in situ field experiments were conducted on the soil
surface (top layer) and also at the bottom layer (45-60 cm depth) at different locations with different soil types.
Logarithmic mean value was considered as the model input parameter. The model was run under two conditions, one
in the clay loam soil area (Mathura to Kosi) with single vegetation (Jowar) and the second run is for the downstream
area, dominated by medium to sandy loam soil (Mathura to Agra), where wheat is the type of vegetation. Solute was
included in the simulation through application of fertilizer (N-P-K) at the surface. The model was simulated for 30
days comprising two irrigations of 6 cm each on 3rd and 20th day and one initial application of fertilizer (solute).
Exponential root growth with depth and linear interpolation with time was considered. The profile is 150 cm deep
with surface at 0 cm and bottom boundary condition applying at 150 cm. There is also some solute present initially.
Solute production and first order decay processes are active. In the model, solute production/uptake and first order
decay processes are expressed in terms of source or sink terms. There was no solute exclusion from plant water
uptake, i.e., all solute dissolved in the uptake water was also taken up by the plant. Plant uptake of solute is assumed
to take place only by mass flow. In this case, vapor conductivity is not taken into account nor is the effect of osmotic
potential. There are two hydraulic property sets (for upper and lower soil layers) that are applied at 16 depth nodes of
the 150 cm deep profile. Initially, there is no water ponded on the surface. Runoff is governed by a simple power law
function. A matric potential gradient of 0, i.e., ‘unit gradient’, has been applied as a bottom boundary condition
throughout the simulation. Runoff in SWIMv2.1 is based on the assumption that the soil has a certain surface
roughness, which can detain water and prevent it from running off.

3.3.1. Data acquisition
3.3.1.1. Rainfall. Daily rainfall data for the period 1995-2005 were collected from the statistical department (Uttar
Pradesh State) for rain gauges located within the catchment of Yamuna sub-basin.

3.3.1.2. Evaporation. Daily evaporation data of Mathura to Kosi and Gokul dam site (1995-2003) were obtained
from the Uttar Pradesh State Irrigation Department.

3.3.1.3. Saturated hydraulic conductivity. Saturated hydraulic conductivity was measured at 9 stations using disc
permeameter and Guelph permeameter. The saturated hydraulic conductivity near Mathura to Kosi is taken as
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2.1 cm/h (surface) and at a depth of 45-60 cm, it is 0.9 cm/h. In areas, dominated by clay loam soil, the values
considered are 0.6 cm/h at the surface and 0.01 cm/h at the bottom layer.

3.3.1.4. Van Genuchten parameters. Soil samples were analyzed in the laboratory for soil moisture retention
characteristics by using pressure plate apparatus. The averaged van Genuchten parameters for the soil layer were
obtained by non-linear regression analysis. The van Genuchten parameter a, varies between 0.0083 cm™' and
0.0560 cm ™' and the n parameter varies between 1.4046 and 1.5037.

3.3.1.5. Vegetation. Two types of vegetation (Jowar/Gram) showing exponential root growth with depth and
sigmoid with time were assumed for the study. Data pertaining to vegetation type was not available; therefore, it is
adopted from the study carried out by Kumar and Shilpa (2002) for the Dharwad district.

Jowar
Root radius (rad) 0.08 cm
Root conductance (groot) 1.2x1077
Minimum xylem potential (psi,,;,) — 15,000 cm
Root depth constant (x..) 30 cm
Grams
Maximum root length density (rld,,..) 4 cm/em’®
Root radius (rad) 0.12 cm
Root conductance (groot) 1.0x 1077
Minimum xylem potential (psi,,;,,) — 15,000 cm
Root depth constant (x..) 20 cm
Maximum root length density (rld,,..) 3 cm/cm?®

4. Results and discussion
4.1. Soil salinity

Soil salinization has been observed in the downstream part of the Yamuna sub-basin. Presently, it is noticed that
only about 15-20% of the study area (out of the total irrigated land) are salt affected (i.e., EC, > 4 ds/m). Although
soil salinity was generally low, it tended to increase with depth, due to the accumulation of salt in the deeper layer
which could be attributed to the presence of higher clay content and low permeability as observed in the soil profile.

Thus, the percentage of the irrigated area with EC, values higher than 4 ds/m was 6.8% for the 0-30 cm soil depth
and increased to 15.7% for the 60—90 cm soil depth. The EC, values being greater than 4 ds/m in the soil horizons of
downstream region indicate a high level of salinity particularly in deep to medium black soils from Mathura to Agra.
Calcium is the dominant base on exchange complex with Ca/Mg ranging from 3.2 to 3.6 for black soils and for red
soil it varies between 1.83 and 3.57.

4.2. Hydrochemistry of anions and cations

Acid-base reactions are important in groundwater because of their influence on pH and the ion chemistry. A pH
value of 7.5-8.0 usually indicates the presence of carbonates of calcium and magnesium, and a pH value of 8.5 or
above shows appreciable exchangeable sodium. The results of the present study (Tables 1 and 2) show clearly the
dominance of bicarbonate, sodium and chloride towards down-stream as compared to upstream.

The total concentration of soluble salts expressed as electrical conductivity in ground water of Yamuna sub-basin
varied from 0.36 to 29.6 ds/m. However, it is observed that in most of the cases (42%), the EC, was more than 4 ds/
m, and 28% of the samples had EC, less than 2.5 ds/m, thereby indicating that salinity is more prevalent than sodicity
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Table 1
Measured chemical properties of the water samples collected from bore well (BW) during pre-monsoon (¥) and post-monsoon (**) (unit; mg/l).

Stations ~ pH EC,, dssim  TDS CO; HCO; Cl SO, Hardness as CaCO; Ca Mg Na K
Shahpur (upstream)

* 7.00  0.0599 36.00 NIL  63.68 7.10 50.00 10.00 3.20 0.50 3.90 1.00
ok 8.10  0.1848 111.00 NIL 13440  12.40 295.0 154 25.60  22.0 3.40 0.40
Nauhjhil (upstream)

* 8.05  0.3980 239.00 NIL  290.10 7.10 92.50 94.00 28.80  5.37 29.50 2.70
ok 7.50  0.4540 272.00 NIL 29720 8.86 92.50 110.0 28.80  9.27 48.00 7.45
Mant (upstream)

* 8.70  0.2700 161.90  NIL 198.13  28.36 78.00 60.00 12.80 6.83 15.50 3.25
ok 820 0.3130 187.60 NIL 21230  12.40 85.00 90.00 23.20  7.80 9.00 1.75
Vrindavan (upstream)

* 8.10  0.3350 201.00 NIL 84.90 62.04 92.50 54.00 1520  3.90 27.00 17.50
wk 7.50  0.3410 205.00 NIL  92.00 63.80 485.00  72.00 16.80  7.32 11.00 6.50
Mathura (upstream)

* 890 04610 276.00 696  141.50  58.50 97.00 82.00 16.00  10.25  22.50 1.95
ok 790  0.6450 387.00 NIL 198.12  90.40 106.50  126.00 2480 15.60 2250 4.50
Gokul (downstream)

* 8.30  0.8590 515.00 NIL  283.04 108.1 83.00 190.0 40.80 2147  36.50 2.70
ok 6.90 1.198 719.00 NIL 32550 186.1 90.00 268.0 52.80  33.18 203.0 6.10
Baldeo (downstream)

* 7.65  3.510. 2100.0 NIL 36795 758.6 260.00  780.0 184.0 78.10 184.0 2.00
ok 7.00  3.800 2280.0 NIL  460.00 7533 275.00  828.0 201.6  79.06  396.0 6.00
Farah (downstream)

* 7.60  2.0400 1222.0 NIL 49530 40236  65.00 488.0 97.60  59.54  119.00 84.00
ok 7.10  2.450 1472.0 NIL  707.60 4325 40.00 564.0 1264 60.50 284.0 146.0
Runakta (downstream)

* 9.10  1.037 622.00 69.6 35.38 134.7 95.00 50.00 8.00 7.32 67.50 189.0
ok 7.60  1.892 11350 139 35380 2375 295.00  166.0 4480 13.17  40.00 120.0

in the study area. Studies carried out by Jain, Bhatia, Kumar, and Purandara (2001) also reported a similar trend in
the area. EC, was found to be highly correlated with Na (r=0.88), CI (r=0.96) and also with sulfate (r=0.71). The
soluble carbonates and bicarbonates in the water samples analyzed varied from 1.04 to 8.1 me L' during pre-
monsoon and 0.58 to 12.53 me L™ ' during post-monsoon. The concentrations of carbonate and bicarbonate are
important because these affect the precipitation of calcium and thereby result in excessive saturation in soil. The
Residual Sodium Carbonate (RSC) of waters indicates that about 71% samples had RSC between 2.5 me L~ "and
SmelL™ .

The results indicated that the continuous and indiscriminate use of these ground waters is expected to build up
excessive sodium in the soil solution and exchange complex and will also clog the soil pores which may lead to
drainage problems (Sood, Verma, Thomas, Sharma, & Brar, 1998). Soluble sodium is the dominant cation varying in
concentration from 0.39 to 17.5 me L™ in these waters. However, the Sodium Adsorption Ratios (SAR) values of
all samples are less than 10. It was observed that waters of high EC, values are predominant with sodium and
chloride ions. Further it was observed that saline waters also have relatively high calcium, magnesium and
bicarbonate ions. This was observed specially at downstream (Runakta). Potassium and carbonate ions, if present, are
mostly confined up to a range of 5% of the total salt concentration. It is quite difficult to draw a general conclusion on
the ionic composition of the water in relation to geographical conditions. In general, waters in areas of high rainfall, i.
e., above 1000 mm per annum and with good drainage are of good quality. It is clear from the present study that, in
the upstream where there is more rainfall (above 1000-3000 mm) the quality of water is good whereas in the
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Table 2
Measured chemical properties of the water samples collected from open well (OW) during pre-monsoon (*) and post-monsoon (**) (unit; mg/1).

Stations pH EC,, ds/m TDS COs3 HCO; Cl SO, Hardness as CaCO; Ca Mg Na K
Shahpur (upstream)

* 940  0.1483 89.00 NIL 84.90 8.86 52.00 28.00 7.20 2.44 5.25 1.40
ok 590  0.0361 21.60 NIL 35.38 7.10 48.00 20.00 2.40 342 4.80 1.00
Nauhjhil (upstream)

* 8.30  0.2000 120.20  NIL 77.84 10.64  80.50 50.00 11.20 537 5.50 0.60
wk 7.10  0.1463 87.80 NIL 84.90 12.40  71.00 44.00 7.20 6.34 20.00 1.20
Mant (upstream)

* 8.60  0.0394 237.00  NIL 106.14  46.10 113.50  46.00 12.80 3.42 25.00  36.50
ok 7.60  0.6080 366.00 NIL 92.00 90.40 100.00  76.00 16.00  8.80 25.00  31.00
Vrindavan (upstream)

* 8.80  0.1776 106.50 140 77.84 1420  83.00 32.00 7.20 342 11.00  2.70
wk 8.25 0.1686 101.20  NIL 106.14 19.50  85.00 42.00 8.00 5.37 11.05  2.15
Mathura (upstream)

* 8.50  0.3510 210.00  6.96 155.67  33.68  36.50 72.00 1840 6.34 20.00  2.30
ok 7.30  0.3410 205.00 NIL 169.82  37.22  52.00 78.00 20.80 6.34 69.00  8.50
Gokul (downstream)

* 8.50 1.068 641.00 14.0 120.30  226.9 106.50  218.0 2720 36.60 6650 6.10
wk 6.70 1.448 869.00 NIL 389.20  216.3 106.50  312.0 68.80 34.16 110.0  9.00
Baldeo (downstream)

* 9.60  0.7800 468.00 69.6 4245 109.9  95.00 48.00 8.00 6.83 62.00  46.00
ok 7.50 1.330 798.00 NIL 460.00 131.2 100.00  246.0 61.60 22.45 188.0 149.0
Farah (downstream)

* 9.70  0.3420 205.00 41.8  28.30 37.22  71.00 48.00 8.00 6.83 20.00  40.00
wk 7.60  0.6160 369.00 NIL 162.75  69.12  83.00 98.00 3040  5.37 108.0 168.0
Runakta (downstream)

* 7.90  2.6200 1570. NIL 438.7 290.7  415.0 218.00 60.80 16.10  45.00 180.0
ok 7.00  2.4900 1792. 6.96  396.2 358.0 415.0 274.00 5520  33.20  60.00 195.0

downstream area, various water quality parameters exceed the acceptable limits (Adhikary, Dash, Kumar, &
Chandrasekharan, 2014; Phocaides, 2000).

The distribution of anions and cations with total ion concentration, indicate that bicarbonates and sulfate ions are
the dominating anions in the upstream, whereas towards downstream, concentration of chloride increases over
bicarbonates indicating salinity problems in black soil (vertisol). Similarly among cations calcium and magnesium
are the predominant ones. This is attributed to rock types and clay minerals rich in potassium. In the downstream of
Yamuna sub-basin (from dam site to Farah) it is expected that, the most important exchange reactions involved are
the removal of Ca>™ and Mg® ™ out of water and to replace them with Na™. The main requirement for this process is
a large reservoir of exchangeable Na™, which is most often provided by clay minerals deposited (mostly
montmorillonite and smectite group). This is evident in the present study as HCO; and Na™ are the ions, which
indicate the presence of ion-exchanged waters.

SAR of all the samples in the study area can be grouped under the low-sodium hazard zone; however, the
hydraulic conductivity varies considerably from low to very high. Further, the ground water samples collected from
the deep black soil areas showed a shift towards medium hazard zone due to continuous use of poor quality ground
water. This indicates the future trend of soil and ground water salinization in these areas and therefore proper
measures should be taken to control the possible impacts.
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Fig. 3. Comparison of observed and simulated soil moisture profiles: (a) upstream (Vrindawan) and (b) downstream (Farah); and solute profiles:
(c) upstream (Vrindawan) and (d) downstream (Farah) in Yamuna sub-basin.

4.3. Simulation of soil moisture

The model was calibrated by using soil moisture profiles available for the Yamuna sub-basin. In the present study,
the moisture observed during the study period was compared with the simulated profile for both upstream and
downstream parts of the study area (Fig. 3a and b). The profiles showed a reasonable match between the actual data
and simulated results with exception at a few depths.

In the case of solute profiles (Fig. 3c and d), both observed and simulated profiles follow a similar trend of
downward movement. The results indicate that in the upstream area rich in black soil, due to the very low
permeability, the ions move very slowly and remain mostly in the unsaturated zone leading to water quality
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problems, particularly in open wells. However, in the downstream areas covered by red loamy soils (alfisols), due to
the presence of highly porous rocks and better flow conditions, ions remain in continuous movement without
affecting the water quality.

Further, during the rainy season, there is an increase in water level due to which the deposited salts move in the
ground water and during the sunny days the salts are accumulated in the sub-soil layers. Apart from this, in cultivated
lands, plants absorb only part of each of the nutrients present in soluble forms in soils. As the concentration of the
nutrients in the soil water increases, it results in greater total nutrient absorption and greater crop yields. If fertilizers
are added to supplement the supplies of particular nutrients that are deficient in soils, greater residues of the nutrients
remain in the soils. Part of the excess may be lost to the groundwater if it remains in soil-water. Most of the chemical
ions added in fertilizers are retained to some degree by soils as a result of chemical inter-actions, and this reduces
their potential for loss to groundwater. As a consequence of such a process both soil and water get contaminated.
This could be the reason for accumulation of salts in the downstream area as reported by Varadarajan (2000). The
present observation also indicated that there is an accumulation of salts in the top layers of black soil (vertisol), which
will ultimately lead to soil and water contamination.

5. Conclusion

Ground water quality and solute transport investigations have revealed that there is deterioration in chemical
quality of both soil and water at various locations of Yamuna sub-basin, particularly in the downstream region. The
cause for deterioration of chemical quality is attributed to the unstable equilibrium between various ions such as
carbonate, silicate and alumino-silicate minerals. These constituents will continue to dissolve in the saturated zone.
The source of cations and anions may vary from place to place. However, the higher concentration of bicarbonates is
attributed to the release of carbon dioxide by plant roots and the decomposing organic matter present in soils. The
weathering of primary minerals can be described as a breakdown of silicate with the release of cations which will
appear as bicarbonates.

Soil salinity and groundwater quality deterioration also depend on the rainfall. They increase during the summer
and are considerably reduced during the monsoon due to dilution by rainwater. In the downstream area, rainfall is
significantly less than in the upstream area and the climate varies from sub-humid to semi-arid, due to which there is
a considerable change in ground water quality and soil salinity. Further, the variation in salinity and its ionic
composition depend upon the depth of water table, infiltration capacity of the soil, and the rainfall characteristics of
the area concerned. The quality of groundwater in many regions shows wide variations with depth of the aquifer.

The study revealed the fact that there are soil and water salinization problems in the study area particularly in black
soils. One of the major reasons as observed that non-utilization of the available ground water due to which the
salinization problem worsens further. So it is important to pump out the water regularly and conjunctive use practice
of surface- and ground-water should be adopted in such areas where the soils are affected by soil salinity and the
rainwater harvesting structures and sub-surface drainage should be constructed at appropriate locations. Apart from
this, certain salt tolerant crops should be grown which have already given some good results in certain areas, to
reduce the intensity of salinization in the study area.
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Abstract— Intense industrialization and urbanization had lead
to a serious environmental problem due to increased heavy
metal pollution in soils, air and water. Soil is a major reservoir
for contaminants as it possesses an ability to bind various
chemicals. In this study, the soil samples from upper surface
sediments and the first, second and third one-foot-thick strata
were investigated. Soil samples were collected from the
industrial areas of Jaipur and Kota districts of Rajasthan and
analyzed for their heavy metal contents.

The results of present finding indicate that the soils are
characterized by high concentrations of Cd, Cr, Cu, Ni, Pb and
Zn. The maximum obtained concentrations of Cd, Cr, Cu, Ni,
Pb and Zn are 58.18 ppm, 417.81 ppm, 423.98 ppm, 182.87 ppm,
940 ppm and 508.98 ppm, respectively. The mean values of all
the heavy metal concentrations were higher than the
background values. The pollution level of the industrial areas
soil was also higher, which clearly indicate the significant need
for the development of heavy metal pollution prevention
occurring due to industrial processing.

Index Terms— Soil properties, Heavy metals (Cd, Cr, Cu, Ni,
Pb, Zn), industrial soil pollution, Correlation analysis.

I. INTRODUCTION

Heavy metal contamination to soil and the environment
has been accelerated in modern society due to
industrialization, rapidly expanded world population, and
intensified agriculture [1]. Environmental contamination is
correlated with the degree of industrialization and intensities
of chemical usage. The effect of heavy metals on the
environment is of serious concern and threatens life in all
forms [2]. Toxicity of these compounds has been reported
extensively [3, 4, 5]. They accumulate over time in soils
which act as a sink from which these toxicants are released to
the groundwater and plants, and end up through the food
chain in man thereby causing various toxicological
manifestations. The According to IARC [6], Cadmium (Cd)
is an extremely toxic industrial and environmental pollutant
classified as a human carcinogen. Human occupational
exposure to chromium clearly indicates that these compounds
are respiratory tract irritants, resulting in airway irritation,
airway obstruction, and lung, nasal, or sinus cancer [7]. Cr
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compounds are teratogenic in animals and can induce
mutations. Toxicity of copper is associated with abdominal
pain, headache, nausea, dizziness, vomiting and
diarrhea, gastrointestinal bleeding, liver and kidney failure,
and death. Nickel is one of many carcinogenic metals known
to be an environmental and occupational pollutant. Chronic
exposure to Ni is connected with increased risk of lung cancer,
cardiovascular  disease, neurological deficits, and
developmental deficits in childhood [8]. Lead poisoning
tends to have increased risk for cardiovascular disease,
nephropathy, immune suppression and liver impairment [9].
Zinc toxicity may result in nausea, vomiting, diarrhea,
metallic taste, kidney and stomach damage and other side
effects [10].

The main objective of the present study is to determine the
level of soil pollution with respect to some heavy metals in
Jaipur and Kaota districts of Rajasthan.

Il. METHOD AND MATERIALS

A. Studied area

The present study area covers Jaipur and Kota districts of
Rajasthan. The soils were collected from different industrial
areas that could contribute to a higher level of heavy metals
contamination. Total eight different locations were selected
in the present study, Four different locations were selected in
jaipur area are Sitapura Industrial area (location 1), Jhotwara
Industrial Area (location 2), RIICO Industrial Area (location
3) and Viswakarma Industrial Area (location 4) and
remaining four different locations were selected in Kota area
are Indraprastha Industrial area (location 5), Chambal
Industrial Area (location 6), RIICO Paryavaran Industrial
Avrea (location 7), Large scale Industrial Area (location 8).

B. Sampling

To avoid contamination of the soil sample, essential
cleanness conditions were maintained. The samples were
collected randomly in triplicates from different sites of
industry area. All samples were collected and put in clean
polythene bags and they were sealed in double bags. Use of
metal tools was avoided and a plastic spatula was used for
sample collection. The soil samples consisting of three
subsamples were collected at random by digging the soil at
four different depths: from the surface layer (0-5 cm depth),
the first feet below the surface (30 cm depth), the second feet
below the surface (60 cm depth) and the third feet below the
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surface (90 cm depth). Samples were collected with a plastic
spade during the winter of 2015, and the collected samples
were placed in black polyethylene bag. The samples were
labeled appropriately

C. Analysis of the samples -

The soil samples were allowed to dry for 48 h at room
temperature. The dry soil sample was disaggregated in mortar
pestle. The sample was finely powdered, sieved with a 2 um
sieve and stored in plastic vials. One gram of each sample
was weighed and transferred into pre-washed and oven dried
beakers. The dried samples were wet digested according to
standard protocols and they were labeled properly.

D. pH analysis-

The soil samples were collected from upper surface, first
foot, second foot and third foot of sediments in triplicates.
The pH was measured as described by Liza Jacob et al. [11].
A soil suspension was made with soil and water in the ratio 1:
2. Ten gram of soil sample was taken in a 50 ml beaker and
added 20 ml of distilled water into it. The solution was stirred
immediately with glass rod for 30 minutes. It was stirred
again just before taking pH reading. The pH was read using
pH meter. The electrodes of the pH meter were washed with
distilled water after each determination. For standardizing the
pH meter, two buffer solutions of known pH values (pH-4
and pH-7) were used.

E. Heavy metal detection-

The detection of heavy metals is accomplished by various
methods but here the AAS technique was used, which is
relatively simple, versatile, accurate and free from
interferences. Heavy metals readily form complexes with
organic constituents and therefore, it is necessary to destroy
them by digestion with strong acids. Nitric-perchloric acid
digestion method was performed for sample preparation [12].
One gram of a sample was placed in 250 ml digestion tube
and 10 ml of concentrated HNO3 was added. The mixture
was boiled for 30-45 minutes to oxidize all easily oxidizable
matter. After cooling, 5 ml of 70 % HCIO4 was added and the
mixture was boiled gently till the appearance of dense white
fumes. The contents were cooled and 20 ml of distilled water
was added, and re-boiled to stop the release of any fumes. The
solution was cooled again, filtered off through Whatman No.
42 filter paper and transferred to 25 ml volumetric flask. The
volume was made up to the mark with distilled water.

All of the digested soil samples were analyzed for their
total concentrations of Cd, Cr, Cu, Ni, Pb and Zn by using
Atomic Absorption Spectrophotometer (Perkin Elmer A
Analyst 300).

F. Transport model

The objective of the transport model is to compute
concentrations of heavy metal in the unsaturated soil. The
heavy metal movement in the column is only due to the
physical transport of the component. The mechanisms of
transport considered are advection and dispersion. The
retention of each component by the soil matrix is not
explicitly considered in

the transport step. Each component is transported
independent of the other, i.e., the movement of one

component has no influence on the other in the physical step.
This is a reasonable assumption, when convection is larger
compared to molecular diffusion. A finite difference method
was used to discretize the equations. These equations usually
have problems of numerical dispersion. In order to
circumvent this problem, an Eulerian-Lagrangian approach
was adopted [13]. The solution procedure for the transport
component was split into two steps. During the first step, only
pure convection is considered. Then, the convected
concentrations obtained are solved for second-order
dispersion using Eularian approach. The system of algebraic
equations resulting from discretization at each time step, are
solved by formulating a tridiagonal system and invoking the
Thomas algorithm.

G. Equation for the transport model
The equation describing the movement of contaminants is

ac, a1 _ac, d

=— - v(z)C, )+ R, ,wherek=12..1
dt 3:[ dz B:E (2)C) + R,
where S iis the concentration of the kth component at any

spatial location z at any time t, D is the dispersion coefficient,

and Fx is the chemical source/sink term representing the
changes in agueous component concentrations.

H. Equations for the flow model-

The flow model is formulated using Richard’s equation for
unsaturated movement of water in one dimension. The
equations governing water movement are

o1
-+ (3 -)
9 dz
36 _dq
ot oz
where e is water content by volume (cm3/cm3), q is the

water flux (cm/h), S is the sink term (cm-1), K is the

hydraulic conductivity (cm/h), Y (=0) is the soil matrix
potential (cm), z is the vertical coordinate direction taken
positive downward, and t is time (h). The two equations can

be combined to yield the Richards equation in terms of g as

c__9 [f{ g (aw 1)] s
i G P ()
where the sink term depends on ¥ The K(E) and ‘1'[’('5') are

non-linear functions, and have been described by Brooks and
Corey [14]. The pore water velocity at any depth is given by

o(2) = q(8)

s g

The interactions between heavy metals and various ions in
both aqueous and solid phases are represented in the form of a
set of non-linear algebraic equations. The system of
equilibrium equations relates the dependent variables
(species) with independent variables (components). A species
is defined as a chemical entity to be considered in the
transport problem. The species are not limited to aqueous
phase, but also include those that are in the solid phase.
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Associated with each species is a mass law equation and an
equilibrium constant.

I1l. SOLUTION STRATEGY

The solution space for the transport model described above
consists of three domains: spatial, chemical and temporal
[15]. The advection-dispersion terms describing aqueous
phase transport are spanning over spatial and temporal
domains only, and the geochemical equations describing the
transformation of heavy metal into different species are
spanning over the chemical domain only. In other words, the
advection dispersion equations and geochemical equations
are decoupled and solved separately. The advantage of this
method of solution is that the highly non-linear behavior of
geochemical equilibrium is confined to the model describing
the geochemistry. Thus, the overall solution system consists
of two steps: a physical step in which the
advective-dispersive terms of the transport equation are
solved, keeping the reaction (sink/source) terms constant, and
a chemical step in which the chemical equilibrium equations
are solved for the aqueous and solid phase components. For
each nodal

point in the spatial domain, a sequential coupling strategy
of the physical and chemical steps has been adopted. The
physical and chemical coupling is external. The disadvantage
of this method is that chemical equilibrium is allowed to
occur only at the end of a time step. This does not cause
significant errors if small time steps are chosen.

IV. RESULTS AND DISCUSSION

The present study area covers the Jaipur and Kota districts
of Rajasthan. Forty eight soil samples were collected from
different industrial areas and analyzed. The concentration of
six heavy metals (Cd, Cr, Cu, Ni, Pb and Zn) were identified
and quantified by using  Atomic  adsorption
spectrophotometer in 4 different locations. Reconnaissance
survey was carried out on the surface layer (0-5 cm depth),
the first foot below the surface (30 cm depth), the second foot
below the surface (60 cm depth) and the third foot below the
surface (90 cm depth) to determine the total metal
concentration. Sampling was done according to standard
procedures. Various results obtained are tabulated and
depicted below.

A. pH analysis-

In the present study, soil samples were collected from four
zones of Jaipur and four zones of Kota industrial areas. In all
the location, when we moved from surface to deep soil area,
the acidic nature of soil decreased. In the present study, the
soil samples from the industrial area showed an acidic pH.
The acidic behavior of soil is responsible for heavy metal
leaching, which in turn increases the amount of heavy metals
in soil. An acidic soil can free many toxic metals from its
combined state which in turn can make the soil toxic.

In Jaipur industrial areas (location 1, 2, 3 and 4), the pH of
location 1 ranged from 6.2 (acidic) to 7.2 (alkaline). The
upper surface of location 2 was found to be maximally acidic
(pH-5.8) and this pH restored near to neutral at third feet
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(pH-6.8). In location 3, same behavior was observed. On the
other hand, in location 4, pH range was 6.1 to 7.3. Maximum
alkaline condition was found in the third foot of strata
(pH-7.3) at location 4.

Industrial areas of Kota (location 5, 6, 7 and 8) are also
showing similar results. In location 5, the uppermost surface
is showing maximum acidic condition with a pH value of 5.8.
At third feet of strata, the pH become near to neutral with a
pH value of 6.8. In location 6, pH values ranges from 5.9
(uppermost layer) to 7.1 (third feet of strata). Location 7 is
also showing maximum acidic condition in topmost layer
(pH- 6.4) and pH becomes slightly alkaline at third feet of
strata (pH-7.2). In the location 8, pH value ranges from 6.3
(uppermost layer) to 7.1 (third foot of sediments).

Table 1: pH values at different locations of Jaipur and kota
district

Location sldrr)%i; Tégsgrie)t Si‘;‘;{‘d fe-:;?lr(g ;

(0 Cm) 60Cm) | Cm)
1 6.2 6.4 59 —
2 5.8 6.2 53 —
3 5.9 6.2 66 59
4 6.1 66 53 —
> 5.8 63 52 =
6 5.9 6.7 68 =
7 6.4 6.7 57 —
8 6.3 6.6 68 =

B. Distribution of studied heavy metals in different locations
of Jaipur district-

Fig 1, 2, 3 and 4 represents the heavy metal burden in soil
samples of Jaipur district. Four different industrial areas were
selected in the present study. The survey were carried out in
Sitapura industrial area, Jhotwara industrial area, RIICO
industrial area and Viswakarma industrial area, which were
named location 1, 2, 3 and 4 accordingly.

Fig 1-4 indicates that most of the metals were found in
varying concentrations. The mean concentrations of Cd, Cr,
Cu, Ni, Pb and Zn in almost all soil samples were
significantly higher than background contents of these heavy
metals in the soils, suggesting the industrial area are highly
polluted. The maximum average concentration is showed by
Zn metal (254.16 ppm) in location 4. This was followed by Pb
(248.60 ppm) and Cu (227.37 ppm) mean concentrations at
location 3 and 4, respectively. The maximum obtained
average concentration of Cr was 200.61 ppm (location 1),
which was further followed by Ni (91.87 ppm) and Cd (22.5
ppm) at location 4. The maximum obtained average
concentrations of heavy metals decreased as follows- Zn > Pb
> Cu > Cr>Ni>Cd.

C. Location 1- Sitapura Industrial Area (Fig 1)

Fig 1 represents the descriptive statistics of the heavy metal
concentrations of Sitapura industrial area. There was a
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remarkable change in the content of heavy metals among the
sampled soils. The concentrations of Cd, Cr, Cu, Ni, Pb and
Zn varied between 2.56 and 15.42, 56.17 and 374.83, 54.58
and 198.34, 21.65 and 134.87, 58.84 and 284.6, 12.76 and
208.54 ppm, respectively. All of the mean values of the heavy
metal concentrations were significantly higher than their
normal permitted values. The maximum average
concentrations of Cr, Cu and Pb were found in the uppermost
surface (200.61 ppm, 14450 ppm and 184.59 ppm,
respectively), while Ni was present maximally in the second
foot of sediment (86.85 ppm). The average concentrations of
Cd and Zn were highest in the first foot of sediment (8.78
ppm and 123.11 ppm), respectively.

250
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Fig 1: Heavy metals concentrations in soil samples of

Sitapura Industrial area: Jaipur district.

D. Location 2 - Jhotwara Industrial Area (Fig 2)

The ranges of the concentrations of the studied metals in
Jhotwara industrial area are shown in Fig 2. The Fig 2 shows
that the heavy metal concentrations in the upper surface
sediments decreased in the following order: Pb > Zn > Cr >
Cu > Ni > Cd. In the first foot of sediment sampled, the heavy
metal concentrations decreased in the following order: Pb >
Cr > Zn > Cu > Ni > Cd. In the second and third foot of
sediment sampled, the heavy metal concentrations decreased
in the following order: “Pb > Cr > Cu > Zn > Ni > Cd” and
“Pb > Cu > Cr > Zn > Ni > Cd”, respectively. The average
concentrations of heavy metals were predominated mostly in
the upper most surface having average values of 15.79 ppm
for Cd, 158.59 ppm for Cr, 139.38 ppm for Cu, 54.07 ppm for
Ni, 212.41 ppm for Pb and 188.24 ppm for Zn.

250
—Cd - Cr ----Cu
1200 I~ ——-Ni ——-Pb —-—1n
L ~— e~
g ~ l\'\ -
2150 e N e =7
z SN i i
o Sl N Tee T T Srimeamzt T
= 100 A ~o I
2 T T e
J R = -
S0 T T ———— ]
R
o
0
0 30 60 90
Depth(in Cm) —>
Fig 2: Heavy metals concentrations in soil samples of

Jhotwara Industrial Area: Jaipur district.

E. Location 3 - RIICO Industrial Area (Fig 3)

The spatial distribution of heavy metals (Cd, Cr, Cu, Ni, Pb
and Zn) in the RIICO industrial area is shown in Fig 3. In the
upper surface stratum, the average concentrations of Cr
(142.98 ppm), Cu (200.26 ppm) and Pb (248.60 ppm) were

obtained at their highest levels. In the first foot of sediment,
the average concentration of Zn was highest (210.80 ppm).
Other studied metals (Cd and Ni) were highest at second foot
level with average values of 14.22 ppm and 89.60 ppm,
respectively. The minimum concentrations of Cd (3.95 ppm)
and Ni (7.67 ppm) were found in the first foot of sediments,
while third foot strata were showing minimum concentration
Cr (10.36 ppm) and Cu (17.83 ppm). The lowest
concentrations of Pb (19.65 ppm) and Zn (26.98 ppm) were
present in the second foot strata and uppermost surface,
respectively.
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Fig 3: Heavy metals concentrations in soil samples in
RIICO Industrial Area: Jaipur district.

F. Location 4 - Viswakarma Industrial Area (Fig 4)

Fig 4 show total concentrations of heavy metals in the
Viswakarma industrial area. The studied heavy metals Cd,
Cr, Cu, Ni, Pb and Zn concentration levels ranged between
5.87 to 37.15 ppm, 19.67 to 248.16 ppm, 34.56 to 357.78
ppm, 12.87 to 149.98 ppm, 17.84 to 439.67 ppm and 18.89 to
407.87 ppm, respectively with maximum mean values of 22.5
ppm for cadmium, 121.6 ppm for chromium, 227.37 ppm for
copper, 91.87 ppm for nickel, 240.30 ppm for lead and
254.16 ppm for Zn. In this study, the following trend of heavy
metal contamination was established. Excessive level of Pb
was observed in the upper most soil layer (Mean value-
240.30 ppm) as compared to all the other elements. In the
first, second and third foot of strata, the predominating heavy
metal was mainly Cu with an average value of 206.11 ppm
and 227.37 and 190.26 ppm, respectively.
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Fig 4: Heavy metals concentrations in soil samples of
Viswakarma Industrial Area: Jaipur district.
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G. Distribution of studied heavy metals in different
locations of Kota district-

The change in the heavy metal concentrations were
recorded in 4 different locations of Kota district. Soil samples
were collected from the industrial region of Indraprastha,
Chambal, RIICO Paryavaran and Large scale area; and these
industrial areas were designated as location 5, 6, 7 and 8,
respectively. The results concerning industrial areas of Kota
are given in Figs (5, 6, 7 and 8).

(lied Jowrnals

H. Location 5 - Indraprastha Industrial Area (Fig 5)

Plumbism was evident in all the strata with maximum
concentration of Pb (940 ppm) as compared to other studied
heavy metals. The concentration of Pb ranges from 36.85
ppm to 940 ppm. The second most prevalent heavy metal was
Zn with the average mean values of 312.21 ppm (upper
surface), 301.56 ppm (first feet) and 257.56 ppm (second
feet). However, in third feet of strata, Zn was predominating
heavy metal with the average mean value of 275.52 ppm.
Highest mean value for Cd (22.83 ppm) was observed in third
foot of strata. Cr and Ni were showing elevated
concentrations in second foot layer with the mean values of
174.07 ppm and 86.85 ppm, respectively. Average
concentration of Cu was present maximum at first feet of
strata (222.65 ppm).
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Fig 5: Heavy metals concentrations in soil samples of
Indraprastha Industrial area: Kota district.

I. Location 6 - Chambal Industrial Area (Fig 6)

Heavy metal distribution in Chambal industrial area
showed elevated levels of all heavy metals in the uppermost
surface. The maximum average concentrations of Cd, Cr, Cu,
Ni, Pb and Zn in topmost surface were found to be 25.29
ppm, 184.74 ppm, 210.85 ppm, 51.02 ppm, 371.80 ppm and
292.64 ppm, respectively.

Minimum average concentration of Cd, Ni and Pb were
present in the third feet of strata (15.06 ppm, 21.36 ppm and
269.87 ppm, respectively), while Cu mean concentration
value was least in the first feet of strata (125.85 ppm). Cr and
Zn in second foot of sediment were revealing lowest mean

International Journal of Engineering, Management & Sciences (IJEMS)

ISSN-2348 —3733, Volume-3, Issue-10, October 2016
concentration values of 104.15 ppm and 169.86 ppm,
consequently.
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Fig 6: Heavy metals concentrations in soil samples of
Chambal Industrial Area: Kota district.

J. Location 7 - RIICO Paryavaran Industrial Area (Fig 7)

Results for Cd, Cr, Cu, Ni, Pb and Zn concentrations in the
soil samples of RIICO Paryavaran Industrial Area are
presented in Table 7. In the present study, level of cadmium
was found in the range of 2.87 ppm to 37.89 ppm. Maximum
and minimum mean concentrations of Cd were observed in
the uppermost surface soil (21.64 ppm) and first feet of soil
(7.27 ppm) samples, respectively. Maximum average Cr and
Pb content were found in upper surface (200.11 ppm and
335.27 ppm, respectively), which is much higher than the
minimum obtained mean concentration values (62.53 ppm
and 221.57 ppm, respectively) from the third feet of strata.
The mean concentration values of Cu and Zn were minimum
in second feet of strata (174.51 ppm and 159.16 ppm,
accordingly) and maximum in uppermost surface (238.23
ppm and 284.64 ppm, respectively). Ni average mean value
was highest in third feet of strata (86.72 ppm) and lowest in
first feet of sediments (58.22 ppm).
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Fig 7: Heavy metals concentrations in soil samples in
RIICO Paryavaran Industrial Area: Kota district.
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K. Location 8 - Large scale Industrial Area (Fig 8)

Fig 8 shows the content of heavy metals in the soil of the
selected area. Maximum heavy metal loads of the soils in the
study area are 42.78 ppm for Cd, 358.09 ppm for Cr, 423.98
ppm for Cu, 181.08 ppm for Ni, 528 ppm for Pb and 443.88
ppm for Zn, whereas minimum heavy metal load for Cd, Cr,
Cu, Ni, Pb and Zn are 7.89 ppm, 15.9 ppm, 24.68 ppm, 17.95
ppm, 42.98 ppm and 34.98 ppm, respectively. Maximum
average concentration of Cd, Cr, Cu Ni, Pb and Zn are present
in the uppermost surface with mean values of 28.44 ppm,
177.39 ppm, 253.98 ppm, 85.38 ppm, 359.32 ppm and 272.65
ppm, respectively.

Minimum mean concentration values of Cd, Cr, Cu Ni, Pb
and Zn are found to be 14.88 ppm (third feet), 74.32 ppm
(first feet), 149.54 ppm (second feet), 42.37 ppm (first feet),
219.65 ppm (third feet) and 159.59 ppm (third feet),
respectively.
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Fig 8: Heavy metals concentrations in soil samples of
Large scale Industrial Area: Kota district.

L. Correlation between heavy metals-

Correlation analyses have been widely applied in
environmental studies. They provide a useful way to disclose
the relationships between multiple variables and thus have
been helpful for understanding the influencing factors as well
as the sources of chemical components. Heavy metals in soil
usually have complex relationships among them. The high
correlations between heavy metals in soil may reveal that the
accumulated concentrations of these heavy metals come from
similar pollution sources. The results of the Pearson's
correlation matrix of heavy metals in the surface soils of
Jaipur and kota Industrial Area are shown in Table 2 (A) and
2 (B) respectively.

The correlation coefficient between Pb and Zn are 0.71 and
0.74, which indicates a strong linear correlation and a
common origin of these metals. Cu and Zn, Cu and Pb formed
another correlated pair with a correlation coefficient of 0.52
and 0.51, suggesting they probably originated from the same
common sources. From Table 2(A), Cd exhibited strong
positive correlations with both Cu (0.62) and Zn (0.47). Cu
and Zn occur naturally at abundant levels and are thus barely
affected by human activities, which explain their apparent
correlation in the surface soils. Cd is also widely scattered in

the Earth’s crust, and its correlations indicate that its
occurrence in the surface soils was mainly due to natural
sources. Zn and Cr formed another correlated pair with a
correlation coefficient of 0.47 from Table 2(B). The lack of
significant linear correlation between, Cr and Ni with other
heavy metals from Table 2(A) and Cd with other heavy
metals from Table 2(B), suggests that its sources were quite
different from those of the others.

Table 2 (A): Pearson’s Correlation matrix of heavy metals
in the surface soils of Jaipur.

Cd Cr Cu Ni Pb Zn

Cd 1

Cr | -0.19 1

Cu | 062 | -0.11 1

Ni | -0.05 | 0.10 | 0.22 1

Pb | 0.29 0.17 | 045 | -0.41 1

Zn | 047 | -0.03 | 052 | -0.15 | 0.71 1

Table 2 (B): Pearson’s Correlation matrix of heavy metals
in the surface soils of Kota.

Cd Cr Cu Ni Pb Zn

Cd 1

Cr 0.01 1

Cu | -0.14 | -0.001 1

Ni | -025| 011 | 0.35 1

Pb | -0.18 | 0.27 | 0.51 | 0.22 1

Zn 025 | 047 | 026 | 0.29 | 0.74 1

V. CONCLUSION

Heavy metal contamination is a severe environmental
problem The results indicated that concentrations of Cu, Zn,
Pb, Cd, Hg, and As in almost all the soil samples exceeded
the background values in industrial area of Jaipur and Kota
cities. Average concentrations of all the studied heavy metals
were significantly higher than their normal permissible limit.
The study shows that the metals are accumulated in all the
strata of soil layer, which clearly indicates soil pollution.
These findings have important implications for the
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development of pollution prevention and reduction strategies
to reduce heavy metal pollution for regions undergoing fast
industrialization and urbanization.
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