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Abstract. The transport of nitrogen coming from wastewater applied agricultural

field is a major problem in assessing the vulnerability of groundwater contamina-

tion. In this study, laboratory column experiments are conducted in order to simulate

the paddy, groundnut and wheat irrigation with wastewater. The experiments are car-

ried out with high clay content (≈35%) soil from Kancheepuram, Tamilnadu and low

clay (≈9%) soil from Ludhiana, Punjab, India. Furthermore, a numerical model and

HYDRUS-1D model are developed to simulate the experimental results. The exper-

imental results show that there is no effluent collected at the bottom of the column

during groundnut irrigation in Kancheepuram soil and effluent collected except dur-

ing first irrigation in the case of wheat irrigation in Ludhiana soil. The experimental

and numerical results illustrate that when 50 mg/l of ammonium and 20 mg/l of nitrate

nitrogen applied during paddy irrigation, the peak nitrate nitrogen concentration of

50 mg/l is arrived after 10 days in Kancheepuram soil due to low permeability and

relatively less background soil nitrogen. But in the case of Ludhiana soil with 94

mg/l of total nitrogen applied during paddy irrigation, the peak nitrate nitrogen con-

centration of 1,620 mg/l is observed at first day due to high permeability and high

soil background nitrogen concentration. Additionally, the model results show that the

application of high nitrogen content wastewater for irrigation in Ludhiana soil will

affect the groundwater quality even when the groundwater table is deep as compared

with Kancheepuram soil.

Keywords. Nitrogen species; numerical modeling; HYDRUS-1D; irrigation;

unsaturated zone.
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1. Introduction

The scarcity of water resources is one of the most challenging problems in many developed and

developing countries. India has nearly 53.4% of land covers under arid and semi-arid regions

(NATCOM 2004) due to low volumes of rainfall. Furthermore, India is an agricultural coun-

try and about 70% of population depends on agriculture. Agricultural sector is demanding more

amount of water as compared with other sectors such as domestic and industry. Hence, wastew-

ater reuse has become an important technique for conserving the existing water bodies and

reduction of fertilizer application due to the availability of nutrients in the wastewater. How-

ever, the wastewater application for agriculture practice can contaminate the groundwater due to

the leaching of various pollutants such as nitrate, calcium, sulphate, sodium, and heavy metals

(Asano & Levine 1995; Lubello et al 2004; Sheng 2005; Pedrero et al 2010).

Treated or partially treated wastewater can be a good alternative water source for supple-

mentary irrigation in areas which suffer from water shortage since the prescribed standards for

irrigation water is less stringent compared to drinking water standards (Kang et al 2007; Jang

et al 2010). There are many reports available on the usage of treated wastewater for irriga-

tion purposes in several countries (Cooper 1991; Asano & Levine 1996; Al-Lahham et al 2003;

Kiziloglu et al 2007; Brunetti et al 2007; Palese et al 2009). Since paddy cultivation requires

large quantities of water and nutrients, therefore treated wastewater becomes one of the good

sources for paddy irrigation. There have been studies which have examined the issue of ground-

water quality during application of the wastewater for paddy irrigation (Han et al 1999; Cho

& Choi 2001; Cho 2003; Yoon et al 2006). Furthermore, it is challenging to study the prac-

tical wastewater use containing high nutrient concentration during paddy irrigation. Jang et al

(2012) have investigated the water and nutrient balances in paddy fields irrigated by ground-

water, wastewater, and reclaimed wastewater. Some recent studies addressed the (i) impact of

reclaimed wastewater irrigation on nutrient loads from the paddy field (Kim et al 2007), (ii) effect

of the application of reclaimed municipal wastewater on rice cultivation (Papadopoulos et al

2009) (iii) environmental impacts of reclaimed wastewater irrigation on water quality and soil

in paddy fields (Jang et al 2013). Similarly detailed study on cultivation of groundnut (Ramana

et al 2002; Bradford et al 2003) and wheat (Rinaldi et al 2003; Pathak et al 1999; Mojid et al

2012) has shown that the wastewater is a good source and option for irrigation.

Several studies have reported the nitrogen species concentration in a paddy cultures soil by

experimental and field monitoring. Some evidence show that the nitrate concentration in ground-

water was exceeding the permissible limit due to leaching of fertilizer or wastewater applied

paddy and wheat field (Babiker et al 2004; Zhu et al 2000; Riley et al 2001). The influence of

soil texture, bulk density and organic matter content on the process of nitrate vertical transport

in paddy soils of the Tai Lake region was studied in the soil columns by Chen et al (2007). Their

investigations suggest that the transport on nitrate was affected by clay content. Conversely low

bulk density and high organic matter content were each associated with faster nitrate transport.

Zhao et al (2010) have determined nitrogen recovered by rice and wheat, nitrogen remained in

soil, and the losses of reactive nitrogen (i.e., NH3, N2O, NO3, organic N and NH4) to the envi-

ronment. Nitrogen leaching from paddy field under different fertilization rates was studied by

Iqbal (2010). The results showed that ammonium nitrogen was the main form of nitrogen with

a high environmental risk during the paddy growth. Experimental evidence shows the nitrate

was found to be leaching from wheat field during nitrogen fertilization with the influences of

rainfall, nitrogen fertilization rate and temperature (Qiang et al 2011). Laboratory analysis was

performed using lysimeters by Haijun et al (2013) to determine the ammonia and nitrous oxide

emissions and nitrogen leaching losses in a rice–wheat cropping system irrigated with nitrogen
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rich wastewater from a livestock pond. Further field examination performed by Zhou et al (2013)

on nitrate leaching in nitrogen fertilized wheat–maize rotation using free drainage lysimeters.

The dissolved organic carbon is also identified as a one of the important parameters on nitrate

variation (Lee et al 2006) in wastewater or urea applied paddy field (Berlin et al 2014a). The

effect of dissolved oxygen variation on nitrogen species is another important factor which was

studied by many researches (MacQuarrie et al 2001; Kim et al 2004; Berlin et al 2014b).

Transport modeling is a predictive and descriptive tool to provide highly accurate information

about the location and concentration of contaminants in the subsurface system. Many modeling

studies on nitrate transport in saturated and unsaturated porous media considering numerous

physicochemical processes such as advection, dispersion, sorption, mineralization, nitrification,

denitrification, volatilization, atmospheric deposition and plant nutrient uptake have been well

documented (Wu et al 1997; MacQuarrie et al 2001; Roose & Fowler 2004; Mohammad 2007).

Lee et al (2006) addressed the fate and transport of nitrogen species in the saturated zone using

mathematical modeling along with experimental evidences. Liang et al (2007) have attempted

the modeling of nitrogen species concentration in the paddy soil under saturated/unsaturated

conditions. Berlin et al (2013) have numerically analyzed the nitrogen species transport in unsat-

urated zone under non-isothermal conditions. Recent modeling result suggests that biological

clogging is also play a predominant role on nitrogen species transport and transformation in

sub-surface system (Berlin et al 2014c). These mathematical models can be used to predict the

concentration of contaminants at various depths and time. On the other hand, many of the models

lack the capability to account for naturally existing soil spatial heterogeneity and complex

bio-chemical process.

The detailed literature study shows that the nitrogen dynamics in the sub-surface can vary

depends on various irrigation patters based on the crop requirement, fertilizer application, soil

type, soil hydraulic parameters and different environmental factors. Paddy, groundnut and wheat

are some of the major crops cultivated all over India. Water requirement and irrigation pattern

vary with each crop. Therefore, it is important to estimate the nitrogen leaching during wastewa-

ter application for various crop irrigations in order to preserve the ground water quality. However,

relatively less attention has been provided to how the irrigation pattern and the soil hydraulic

characteristics are controlling the transport and transformation phenomena of nitrogen species

in the subsurface especially during treated or untreated industrial wastewater application. This

study addresses the effective usage of treated and untreated textile industry wastewater for irri-

gation purpose. The objective of this study is to understand the nitrogen dynamics during textile

wastewater application in (i) varying hydraulic properties of soil and (ii) varying irrigation pat-

tern with respect to crop water requirement for different crops (paddy, groundnut and wheat)

performed using soil column studies in laboratory scale. A numerical model is developed to

simulate the soil column experiments for the prediction of nitrogen species concentration at the

outlet of soil column. HYDRUS-1D software is also used for simulating the nitrogen dynamics

to cross-validate the developed numerical model. Furthermore, sensitivity study is performed on

partition coefficient of ammonium nitrogen, nitrification rate, denitrification rate and dissolved

organic carbon to understand the nitrogen dynamics in subsurface soil system.

2. Study area

In order to simulate the nitrogen species dynamics in hydraulically varying soil types, two sites

were selected for this study. In this regard a site in Kancheepuram, Tamilnadu was selected for

soil containing relatively high clay compared to other site located in Ludhiana, Punjab, for soil
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containing high sand content. The details about these sites are explained in this section. The

study area map for both sites is shown in figure 1.

2.1 Location

Kancheepuram, Tamilnadu is a historical town in the south India, which is geographically located

at 12◦50′ N latitude and 79◦42′ E longitude at a distance of 72 km south-west of Chennai,

Tamilnadu. It is located on the banks of the Vegavathy river, a tributary of Palar river at an

altitude of 83.26 m above MSL. This town has a natural gradient towards Manjal Neer channel

and towards Vegavathy river in the south.

Ludhiana is located at 30.9◦N and 75.85◦E in the Indian state of Punjab. It is located 100 km

west from Chandigarh, Punjab. Sutlej and Budha nallah are the two rivers, which are flowing

through this district. The mean elevation of Ludhiana city is 244 m from MSL.

2.2 Rainfall and climate

Generally, Kancheepuram district experiences hot and humid climatic conditions. Kancheepu-

ram district receives the rain during the both southeast and northeast monsoons, mainly due to

the effect of depressions in Bay of Bengal during northeast monsoon season. The normal annual

rainfall varies from 1,105 mm to 1,214 mm. The relative humidity varies between 58% and 84%

while the temperature varies between 20◦C and 43◦C.

Ludhiana has very hot summer and very cold winters with three different seasons such as

summer, monsoon and winter. Monsoon visits this city during July and extends up to September.

Figure 1. Study site of Kancheepuram,Tamilnadu (Study site 1) and Ludhiana, Punjab (Study site 2), India.
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The normal annual rainfall of the Ludhiana district is 680 mm nearly 78% of annual rainfall

is contributed between June and September by southwest monsoon. The temperature can vary

between −5.2◦C and 44◦C.

2.3 Industrialization

In Kancheepuram, nearly 50 rice mill units are located around Oli Mohammed Pettai, Thama-

raikulam, Vellaikulam and Satan Kulam. Approximately 60 small scale dyeing units are located

in the residential areas, mainly along Vegavathy river in the southern part of Kancheepuram

town. Silk and cotton yarn twisting units are also situated in and around the Kancheepuram town.

Large amount of wastewater can be generated from these industries particularly from dyeing

units and textile industries during the processes such as spinning, bleaching and coloring. The

effluents from these industries consists of high concentrations of total dissolved solids, biochem-

ical oxygen demand, sodium, chloride, ammonia, nitrates, sulphates, hardness, heavy metals

and carcinogenic dye ingredients (Tchobanoglous & Burton 1995). At present, wastewater

generated from these industries is simply discharged into the soil without proper treatment. In

Kancheepuram, nearly 50 rice mill units are located around Oli Mohammed Pettai, Thamaraiku-

lam, Vellaikulam and Satan Kulam. Approximately 60 small scale dyeing units are located in the

residential areas, mainly along Vegavathy river in the southern part of Kancheepuram town. Silk

and cotton yarn twisting units are also situated in and around the Kancheepuram town. Large

amount of wastewater can be generated from these industries particularly from dyeing units dur-

ing the processes such as spinning, bleaching and coloring. The effluents from these industries

consist of high concentrations of total dissolved solids, biochemical oxygen demand, sodium,

chloride, ammonia, nitrates, sulphates, hardness, heavy metals and carcinogenic dye ingredi-

ents (Tchobanoglous & Burton 1995). At present, wastewater generated from these industries is

simply discharged into the soil without proper treatment.

Ludhiana has done remarkably well in the field of agriculture for long time and due to rapid

industrialization through small, medium and large scale industries it is universally famous as the

Manchester of India and industrial capital of small scale industries in the country. As per MSME

(2014) report, nearly 6,750 textile units, 2,460 units of leather products, 3,547 units of fabricated

metal products and lot of other micro and small scale industries are situated in Ludhiana district

during 2010–2011. Malwa Industries limited, Vardhman Textile limited and M/S Mills are some

of the large scale industries in the textile sector. Even though the large scale textile industries

are treating the effluents to some extent, but the small and medium scale industries are discharg-

ing their effluents in the soil without proper treatment which may eventually contaminate the

groundwater.

2.4 Groundwater resources

Groundwater resource is the one of the prime source of drinking water in Kancheepuram, Tamil-

nadu. Generally, the water table is available at a depth of 2.89–4.09 m during summer season

and 1.05–3.40 m from ground level during winter season in this area (Water Year 2007). Study

by Balakrishnan et al (2008) revealed that the groundwater source in Kancheepuram is not suit-

able for drinking purpose mainly due to the disposal of partially treated wastewater from these

industries on the land fields. Their results show that the concentration of total dissolved solids

(1,138–2,574 mg/L), chloride (216–847 mg/L), total hardness (225–760 mg/L), sulphate (64–

536 mg/L), nitrate (up to 58 mg/L), iron (up to 2.3 mg/L) and lead (up to 0.281 mg/L) were

found to be higher and exceeded the permissible limits of WHO standards.
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Generally, the depth to groundwater in Ludhiana varies between 9 and 26 m from the ground

level. This groundwater table depth can vary during the pre-monsoon period from 9.24 to 25.48

m while during post-monsoon seasons it ranges between 5.09 and 33.62 m (CGWB 2007). In

general the groundwater of the Ludhiana district is fresh except in and around Ludhiana city

where the ground water is polluted due to industrial effluents (CGWB 2007).

3. Materials and methods

This section describes the detailed methodology along with the analysis of soil and wastewater

samples collected from Kancheepuram, Tamilnadu and Ludhiana, Punjab to estimate the physi-

cal and chemical properties of soil and wastewater. Column experiments were also performed in

the laboratory to understand the nitrogen dynamics in these soils with synthetic wastewater repli-

cating the actual wastewater collected from textile industries. Modeling studies have also been

carried out to reproduce the nitrogen species transport and transformation in the soil column for

future predictions.

3.1 Soil and wastewater analysis

Soil samples were collected from the root zone below 15 cm from ground level in Kancheepuram

and Ludhiana for physical and chemical analysis. Various experiments were conducted to find

the soil physical parameters such as particle size distribution, specific gravity, dry density, bulk

density and permeability. Similarly, soil chemical analysis such as pH, organic carbon, inorganic

carbon, total carbon content, background ammonium and nitrate nitrogen concentrations was

also analyzed. The treated wastewater samples were also collected from textile industries from

both study sites and the chemical parameters were also analyzed.

3.1a Wastewater sample analysis: Since there was no proper treatment of wastewater gener-

ated from the textile industries in Kancheepuram, Tamilnadu, the wastewater generated from

these industries are discharged into the public sewer line. These effluents are mixed with domes-

tic wastewater and finally reach the waste stabilization pond. Thus, the wastewater samples were

collected at various outlets of silk dyeing units such as direct dye bath, degumming unit efflu-

ent, silk washing unit, outlet of dyeing unit and the waste stabilization pond. The other set of

samples were collected from Vardhman textile industries, Ludhiana, Punjab at different points

in the treatment unit such as influent sample in the treatment plant, secondary sedimentary tank,

biological treatment tank and final effluent from the treatment plant.

3.2 Pressure plate apparatus

Pressure plates are normally used to establish the moisture characteristics of soil. The soil paste

was prepared by saturating with water and was placed in the plastic retaining rings on the porous

plate. Once the soil samples were kept in the pressure chamber, the clamping bolts were prop-

erly sealed. By adjusting the pressure valve, required pressure inside the pressure chamber using

compressor was built up. Samples can be removed when the soil sample approaches the equilib-

rium (approximately 18–20 h). This procedure can be repeated for different pressures to arrive

a set of water content for the corresponding pressure head. The water content can be calculated

for each pressure applied as given in the following equation:

Water content = (W2 − W3)/(W3 − W1) (1)
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where W1 is the weight of the empty container (g); W2 is the wet weight of soil with container

after immediately taking out the soil sample from the pressure plate apparatus and W3 is the dry

weight of soil with container after 24 h of oven dried soil sample.

3.3 Column experiments

Column experiments were conducted to study the distribution of nitrogen species concentration

during different irrigation scenarios performed with treated or partially treated textile wastewater

for Kancheepuram and Ludhiana soil samples. Since paddy and groundnut are the main crops

in Kancheepuram, the corresponding irrigation patterns were simulated in the lab to establish

the concentration profile at the bottom of the soil column. Similarly, paddy and wheat are the

predominant crops in Ludhiana, and the corresponding irrigation patterns were simulated for

these soil samples. In order to mimic the field conditions, the soil was filled in the column with

the same density as measured in the field. The designed soil columns have 70 cm depth and 6 cm

in diameter as shown in figure 2. The bottom of the soil column was filled with coarse sand up to

5 cm to prevent the clogging process at the bottom of the column due to fine soil particles. The

field soil was effectively filled up to 60 cm depth from the bottom of the column. To simulate

the nitrogen species concentration, three columns were run in parallel; in which two columns

were simulated for paddy and one for groundnut irrigation scenario with same concentration

of synthetically prepared wastewater in Kancheepuram soil. But in the case of Ludhiana soil

Figure 2. Column experimental setup.
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one soil column was dedicated for treated wastewater scenario and other two soil columns were

devoted for untreated wastewater scenario in which one was simulated for paddy and one for

wheat irrigation pattern.

3.3a Synthetic wastewater preparation and column experimental procedure: Synthetic waste-

water was prepared with the chemical composition of 50 mg/l of ammonium nitrogen, 20 mg/l

of nitrate nitrogen and 1,500 mg/l of COD (Chemical Oxygen Demand) in order to resemble

the Kancheepuram textile wastewater to conduct the soil column experiments. Similarly, the

chemical composition of 30 mg/l of ammonium nitrogen, 64 mg/l of nitrate nitrogen and 2,800

mg/l of COD for untreated wastewater scenario while 7 mg/l of ammonium nitrogen, 7 mg/l of

nitrate nitrogen and 1,700 mg/l of COD for treated wastewater scenario resembling the Ludhian

a textile wastewater. Since this study mainly focused on nitrogen species transport in unsaturated

soil, the other contaminants in the textile industrial wastewater were not considered during

synthetic wastewater preparation. The wastewater was applied continually for 100 days with the

standing depth of 3 cm (Chinh et al 2008) to simulate the paddy irrigation while for groundnut

irrigation simulation the total water requirement (510 mm) was split into seven intervals and for

wheat irrigation simulation the total water requirement (650 mm) was split into five divisions as

per the guidelines prescribed by the TNAU (Tamil Nadu Agricultural University). The synthetic

wastewater was applied at the top of the column and the effluent was collected from the bottom

at regular intervals. Care was taken to prevent evaporation losses by covering the collection ves-

sel with polythene sheets. The collected effluent was analyzed by water quality probes to check

the concentration of ammonium and nitrate nitrogen species.

3.4 Model formulation

The mathematical model for predicting water flow and the transport of nitrogen species in unsat-

urated sub-surface system is described in this section to simulate the nitrogen species in the

various soil conditions and irrigation scenarios.

Vertical movement of water in soil under one-dimensional unsaturated condition can be

described by Richard’s model as expressed in Eqs. (2)–(5) (Antonopoulos 2006):

C(h)
∂h

∂t
=

∂

∂z
K

(

∂h

∂z

)

−
∂K

∂z
− S(z, t) (2)

where C(h) = ∂θ
∂h

is specific moisture capacity (1/L); h is the pressure head (L); K is the unsat-

urated hydraulic conductivity (L/T); t is the time (T); z is the vertical coordinate (L) positive

downward; S(z, t) is the sink term for water uptake by plant that is a spatial and temporal function

of root length and is expressed as the volume of water per unit volume of soil per unit time.

To solve the Richard’s equation, the following constitutive relationships are required. Such

relations were proposed by Van Genuchten (1980) and which are given in following equations:

Se =
θw − θr

θs − θr

(3)
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[
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1 + (α| h|)β

]η
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K(h) = KsS
1/2
e

[

1 −
(

1 − S
1/η
e

)η]2

, (5)
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where θw is the water content (L3/L3); Se is the effective saturation; θs is the saturated water

content; θr is the residual water content; Ks is the saturated hydraulic conductivity (L/T); α, β

and η are fitting parameters.

The chemical and biological reactions of nitrogen transformation in the soil when wastewater

is applied are nitrification, denitrification, uptake of ammonium and nitrate by plants, and adsorp-

tion of ammonium on the soil cation exchange sites (Antonopoulos 1993) are shown in figure 3a.

To simplify the model formulation, this section considered only ammonium nitrogen and nitrate

nitrogen as the main nitrogen species along with adsorption process of ammonium nitrogen and

nitrification along with denitrification are the key reactions in the nitrogen cycle.

The one-dimensional vertical mass transport and transformations of ammonium nitrogen and

nitrate nitrogen under transient flow and variably saturated soil conditions are described in the

following equations (Antonopoulos 1993):

θw

∂NH4 − N

∂t
+ ρb

∂s

∂t
=

∂

∂z

(

θwD
∂NH4 − N

∂z

)

− q
∂NH4 − N

∂z
+ Qam − φ1 (6)

θw

∂NO3 − N

∂t
=

∂

∂z

(

θwD
∂NO3 − N

∂z

)

− q
∂NO3 − N

∂z
+ Qni − φ2 (7)

Figure 3. (a) Conceptual model for nitrogen cycle in soil–water system. (b) Graphical representation of

finite difference cells and boundary conditions for one-dimensional domain.
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where NH4-N is the concentration of ammonium nitrogen; NO3-N is the concentration of nitrate

nitrogen; D = Dm*τ + q*αL, D is the dispersion coefficient; Dm is the molecular diffusion

coefficient; τ is the tortuasity; q is the Darcy velocity; αL is the longitudinal dispersivity; ρb is the

bulk density of soil; S (S = Kd*NH4-N) is the amount of NH4-N in the adsorbed phase per unit

mass of soil; Kd is the linear partitioning coefficient of ammonium nitrogen, 
1 is the rate of

NH4-N transformation per unit soil volume; 
2 is the rate of NO3-N transformation per unit soil

volume; Qam is the rate of plant uptake of NH4-N per unit soil volume and Qni is the rate of plant

uptake of NO3-N per unit soil volume. The plant uptake process is not considered in this study.

The transformation terms 
1 and 
2 describe the nitrification of NH4-N and denitrification of

NO3-N which are approximated by first-order kinetic type reactions which are given in following

equations (Antonopoulos 1993):

φ1 = −K1θw(NH4 − N) (8)

φ2 = K1θw(NH4 − N) − K2θw(NO3 − N) (9)

where K1 and K2 are the nitrification and denitrification rates.

3.4a HYDRUS-1D software: HYDRUS-1D is freely available public domain windows-based

computer software to model the water flow and solute transport in variably saturated porous

media. The HYDRUS software will numerically solve the Richard’s equation for unsaturated

water flow and conventional convective-dispersion type equations for solute transport. Generally,

the flow and contaminant transport equation accounts for water uptake by plant roots, linear and

nonlinear reactions and first order degradations. This package deals with prescribed head and flux

boundaries, boundaries controlled by atmospheric conditions, as well as free drainage bound-

ary conditions for water flow model. The governing flow and transport equations are solved

numerically using Galerkin-type linear finite element schemes. In order to check the developed

numerical model the experimental results were analyzed with HYDRUS-1D software. Further-

more, various sensitivity analyses were also performed with this package for various irrigation

scenarios and extreme case scenarios.

3.4b Numerical implementation: The coupled system of partial differential equations describing

water flow and nitrogen species transport is solved numerically using fully implicit finite dif-

ference scheme. The advection part, which reflects the hyperbolic nature of the given partial

differential equation is discretized using first order upwind scheme, while the dispersive part,

which reflects the parabolic nature of the given partial differential equation is discretized using

second order central difference scheme. The vertical one dimensional unsaturated spatial domain

is divided into a finite number of discrete cells as shown in figure 3b. For temporal discretiza-

tion, the total simulation time is divided into a finite number time intervals (�t). The value of

cell width in the vertical direction (�z) is assumed to be 0.5 cm and the time interval (�t) is

assumed to be 100 s in order to meet the numerical stability criteria. The resulting tri-diagonal

matrix is solved using Thomas algorithm.

4. Results and discussion

For the purpose of understanding the nitrogen species transport in hydraulically varying field soil,

the experimental and modeling of nitrogen species in Kancheepuram, Tamilnadu and Ludhiana,

Punjab have been performed using laboratory scale soil column experiments and the correspond-

ing numerical model was developed. Furthermore, HYDRUS-1D software also used to predict
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Table 1. Textile wastewater characteristics from Kancheepuram, Tamilnadu (average value).

Sample Nitrate

collection point BOD (mg/l) COD (mg/l) TDS (mg/l) Turbidity (NTU) pH nitrogen (mg/l)

Dye bath effluent 1 20 16,320 3492 322 7.602 98.04

Dye bath effluent 2 700 32,000 2635 368 9.979 73.87

Degumming water 5120 9920 2437 530 10.829 53.47

Wash water 400 2880 1577 83 7.998 63.71

Combined effluent 290 19,960 3840 124 7.949 92.62

the nitrogen species concentrations. This section discusses the experimental and modeling

results on nitrogen species transport under various irrigation scenarios according to the crops

requirement.

4.1 Wastewater characteristics

The wastewater samples collected from different points of textile industry in Kancheepuram,

Tamilnadu were analyzed as per the standard laboratory analytical methods.The results of various

parameters of Kancheepuram wastewater samples are shown in table 1. Similarly, the wastewater

collected from various points of treatment plant in Ludhiana, Punjab was characterized and is

presented in table 2.

Tables 1 and 2 show the characteristics of wastewater from textile industries located at

Kancheepuram, Tamilnadu and Ludhiana, Punjab. Since there are no proper treatment technol-

ogies adopted in Kancheepuram, the wastewater generated from the textile industries was dis-

charged on the bare land without proper treatment. In Ludhiana, the majority of the textile

industries have their own treatment plant for wastewater treatment. The wastewater generated

from Kancheepuram textile industries shows that the BOD, COD and TDS are very high as com-

pared with the CPCB (Paul et al 2012) standards except pH value. Similarly, the parameters

measured in the wastewater generated from Ludhiana were also high compared to the CPCB

standards except TDS and pH. However, the treated effluent of Ludhiana wastewater was within

the CPCB standards.

4.2 Physical and chemical characteristics of soil

The particle size distribution of Kancheepuram and Ludhiana soil is shown in figure 4.

The soil analysis results show that the bulk density of Kancheepuram soil (1.918 g/cm3) sam-

ple is lesser than that of Ludhiana soil (2.221 g/cm3). This may be due to the variation in grain

size distribution of soil, whereas the specific gravity value did not vary significantly. The porosity

Table 2. Textile wastewater characteristics from Ludhiana, Punjab (average value).

Sample Nitrate

collection point BOD (mg/l) COD (mg/l) TDS (mg/l) Turbidity (NTU) pH nitrogen (mg/l)

Influent to treatment plant 145.3 1800 974 58.77 7.3 64

Biological tank 122 1197 959 259.4 6.67 13.59

Sedimentation tank 64.6 264 952 14.67 6.69 18

Outlet from treatment plant 30.6 123 854 4.75 6.67 7
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Figure 4. Particle size distribution of (A) Kancheepuram and (B) Ludhiana soil (for size greater than 75

microns).

value of Kancheepuram soil was higher than the porosity of Ludhiana soil. This high porosity is

mainly due to the high clay and silt content in Kancheepuram soil which is shown in figure 4.

Kancheepuram soil consists of the gravel (>4.75 mm), sand (4.75–0.075 mm) and silt with clay

(< 0.075 mm) fractions which are 2.2, 62.5 and 35.3% respectively (figure 4). Similarly, Ludhiana

soil consists of the gravel (>4.75 mm), sand (4.75–0.075 mm) and silt with clay (<0.075 mm)

fractions, which are 0.1, 90.6 and 9.3% respectively of the total mass of the soil (figure 4). An

order of reduction in permeability was observed for Ludhiana soil (3.9×10−4 cm/s) due to high

sand content when compared with Kancheepuram (6.0×10−5 cm/s) soil. The high percentage

of silt and clay in Kancheepuram soil plays a predominant role on permeability reduction. Since

the soil samples were taken from irrigation field, the carbon content (1,933 mg/kg for Kancheep-

uram and 1,794 for Ludhiana soil), ammonium nitrogen (5 mg/kg for Kancheepuram and 2 for

Ludhiana soil) and nitrate nitrogen (15 mg/kg for Kancheepuram and 60 for Ludhiana soil) are

on the higher side. It is also observed that both soil samples were relatively in basic range (pH

8.81 for Kancheepuram and 7.8 for Ludhiana soil).

4.3 Estimation of Van Genuchten parameters

Van Genuchten parameters are the useful data required to model the water flow in order to relate

the water content, pressure head and hydraulic conductivity for unsaturated soil system. These

parameters can be obtained by the relation between water content, pressure head and unsaturated

hydraulic conductivity using RETC software (Van Genuchten et al 1991). RETC is computer

software which is used to analyze the soil water retention and hydraulic conductivity relations

of unsaturated soil developed by PC-PROGRESS engineering software developer group. Before

running the RETC software, it is required to find the various water contents for the corresponding
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Table 3. Measured water content and corresponding pressure head for Kancheepuram and Ludhiana soil.

Kancheepuram soil Ludhiana soil

Pressure applied Average water Pressure applied Average water

Sl. No. (cm of H2O) content (cm3/cm3) (cm of H2O) content (cm3/cm3)

1 10197 0.1151 12236.4 0.03375

2 7137.9 0.1305 9177.3 0.03713

3 4078.8 0.1528 6118.2 0.04485

4 3059.1 0.1622 4078.8 0.04672

5 2039.4 0.1808 3059.1 0.04089

6 1526.55 0.1841 2039.4 0.05118

7 1121.67 0.2436 1529.55 0.06684

8 815.76 0.2254 1019.7 0.06880

9 611.82 0.2508 611.82 0.07132

10 305.91 0.2757 203.94 0.10283

11 0 0.4204 0 0.26188

pressure head. Pressure plate apparatus was used to obtain the data set between water content and

corresponding pressure head. The data obtained from pressure plate apparatus for Kancheepuram

and Ludhiana soil samples are given in table 3.

After obtaining the pressure head and water content data using pressure plate apparatus, the

measured pressure head and corresponding water contents were fed into the RETC software to

derive the retention curve and to find the van Genuchten parameters. The resulting retention

curve for Kancheepuram and Ludhiana soil is shown in figure 5 with R2 value for regression

of observed and fitted values was 0.96 and 0.99 respectively. The predicted soil hydraulic

parameters of Kancheepuram and Ludhiana soil are shown in table 4.

The predicted value of van Genuchten parameter α for Kancheepuram soil is one order of

magnitude lesser than Ludhiana soil. This has a significant impact on the unsaturated hydraulic

properties such as water content, pressure head and hydraulic conductivity. The other van

Genuchten parameter β has a marginal change in the magnitude for both soils. Since the soil

hydraulic parameters are non-linearly related, a small change in the van Genuchten parameters

also has a significant impact on soil hydraulic properties. These predicted parameters are used in

Figure 5. Pressure head vs water content profile from RETC software for (A) Kancheepuram and (B)

Ludhiana (symbol - measured and line - fitted).
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Table 4. Predicted values of soil hydraulic properties from RETC software.

Parameter Kancheepuram soil Ludhiana soil

Saturated water content 0.41814 0.26485

Van Genuchten parameter (α) (cm−1) 0.00636 0.03611

Van Genuchten parameter (β) 1.6075 1.5748

the developed numerical and HYDRUS-1D model to simulate the nitrogen species transport in

the soil columns.

4.4 Column experimental results with model validation

An experimental investigation and numerical validation for nitrogen species using synthetic

wastewater for Kancheepuram and Ludhiana soils have been performed. No effluent was collect-

ed at the bottom of the soil column during groundnut irrigation simulation Kancheepuram soil

due to very low permeability and split application. On the other hand, the effluent was collected

only during the wastewater applied period except first irrigation due to high permeability of Lud-

hiana soil for wheat irrigation. However, the concentration of ammonium and nitrate nitrogen

in the effluent of wheat irrigation was comparatively low with paddy irrigation. Therefore, the

numerical simulations were performed only for paddy irrigation for both Kancheepuram and

Ludhiana soils. The van Genuchten parameters (α, β, η), other soil hydraulic parameters and

nitrogen transformation rates for Kancheepuram and Ludhiana soil are given in table 5.

Figures 6 and 7 show the experimental and numerical validation of ammonium nitrogen and

nitrate nitrogen concentration at the bottom of the soil column (at 55 cm from soil surface) with

similar conditions in Kancheepuram field. Initially the soil was assumed to be dry and the corre-

sponding water content (θ ≈ 0.12 cm3/cm3) was assigned as the initial condition for water flow

model. Since the paddy field was flooded with water throughout the crop life, the corresponding

water content (θ ≈ 0.41 cm3/cm3) was assumed as the top boundary condition and the zero flux

is used as the bottom boundary condition for water flow model. At the start of the numerical

simulation, the soil was assumed to be free from contaminants, and subsequently the initial

ammonium and nitrite nitrogen concentrations were assumed to be zero except at the top of the

soil. A constant concentration of 50 mg/l of ammonium nitrogen and 20 mg/l of nitrate nitrogen

Table 5. Soil hydraulic parameters and nitrogen transformation rates for Kancheepuram and Ludhiana

soil.

Parameter Kancheepuram soil Ludhiana soil Source

Depth of column (cm) 55 55

Saturated water content (m3/m3) 0.4181 0.2649 Measured

Residual water content (m3/m3) 0.115 0.0335 Measured

Saturated hydraulic conductivity (cm/day) 5.184 33.57 Measured

Van Genuchten parameter (α) (cm−1) 0.00636 0.03611 From RETC

Van Genuchten parameter (β) 1.60749 1.575 From RETC

Soil bulk density (mg/l) 1.91×106 2.22×106 Measured

Linear partitioning coefficient of 3.4×10−7 6.4×10−7 From HYDRUS-1D

ammonium nitrogen (l/mg)

Nitrification rate (day−1) 0.4 0.45 From HYDRUS-1D

Denitrification rate (day−1) 0.3 0.04 From HYDRUS-1D
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Figure 6. Temporal variation of nitrogen species concentration for Kancheepuram soil using HYDRUS

1-D and developed model in soil column#1.

were applied in influent solution at the top of the soil column. The concentration gradient for all

nitrogen species is assumed to be at zero for the bottom boundary condition (Lee et al 2006).

Measureable quantity of wastewater was collected at the bottom of the soil column only after

9 days and the corresponding nitrogen species concentrations are shown in figures 7 and 10.

The initial delay in arrival of effluent at the bottom of the soil column is mainly due to the dry

condition of the soil and very low hydraulic conductivity (measured hydraulic conductivity was

5.184 cm/day). The maximum concentration of 20 mg/l of ammonium nitrogen and nearly 50

Figure 7. Temporal variation of nitrogen species concentration for Kancheepuram soil using HYDRUS

1-D and developed model in soil column#2.
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mg/l of nitrate nitrogen was observed at the end of 10th day. To validate the developed model the

numerical analysis was performed with the measured soil hydraulic parameters. The optimum

values of linear partitioning coefficient of ammonium nitrogen, nitrification rate and denitrifi-

cation rate were obtained from the simulated concentration profile of ammonium nitrogen and

nitrate nitrogen, which showed a good match with the experimental data.

The applied ammonium nitrogen was converted to nitrate nitrogen due to nitrification and this

phenomenon was observed from both soil column data (figures 6 and 7). However, the concen-

tration of ammonium nitrogen decreased after 10 days and reached the asymptotic stage only

after 30 days. The similar trend was also observed for nitrate nitrogen profile with higher con-

centration as compared with ammonium nitrogen. Since the predicted nitrification rate (0.4 per

day) was little higher than the denitrification rate (0.3 per day), the peak as well as the asymp-

totic stage concentration of nitrate nitrogen was always higher than the ammonium nitrogen

concentration in the aqueous phase. Although the predicted nitrification rate for Kancheepuram

soil (K1 = 0.4 per day) is almost similar which is reported by Kaluarachchi & Parker (1988),

the denitrification rate is approximately one order higher in the current study as compared

with the published data (Kaluarachchi & Parker 1988). This may be due to the large residence

time for denitrification attributed to the higher clay content in the Kancheepuram soil, whereas

Kaluarachchi & Parker (1988) observed less denitrification rate and less residence time in

sandy soil. The experimental data were further simulated with HYDRUS-1D software and the

simulated results were in good agreement with the observed data.

Figures 8 and 9 show the experimental and numerical verification of ammonium nitrogen

and nitrate nitrogen concentration at the bottom of the soil column (at 55 cm from soil sur-

face) with similar conditions in Ludhiana field. Based on the NH4-N and NO3-N concentration

in treated and untreated wastewater, different synthetic wastewater were prepared with low and

high concentrations of NH4-N and NO3-N and experimented with the column containing soil

from Ludhiana. The initial soil condition was assumed to be dry and the corresponding water

content (θ ≈ 0.04 cm3/cm3) was assigned as the initial condition for water flow model. The satu-

rated water content (θ ≈ 0.25 cm3/cm3) was assumed as the top boundary condition and the zero

Figure 8. Temporal variation of nitrogen species concentration for Ludhiana soil using HYDRUS 1-D

and developed model in soil column with low influent concentration.
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Figure 9. Temporal variation of nitrogen species concentration for Ludhiana soil using HYDRUS 1-D

and developed model in soil column with high influent concentration.

flux is used as the bottom boundary condition for water flow model. At the start of the numerical

simulation, the background ammonium and nitrate nitrogen concentration was assumed to be 2

mg/kg and 60 mg/kg for HYDRUS simulation. A constant concentration of 7 mg/l of ammo-

nium nitrogen and 7 mg/l of nitrate nitrogen was applied in influent solution at the top of the

soil column as a treated wastewater scenario, whereas 30 mg/l of ammonium nitrogen and 64

mg/l of nitrate nitrogen were applied in another column as an untreated wastewater scenario. The

concentration gradient for all nitrogen species is assumed to be at zero for the bottom boundary

condition. Figure 8 shows the concentration profile for Ludhiana soil with low (treated wastew-

ater) influent contaminant concentration. Figure 8 illustrates that the observed concentration of

ammonium nitrogen at the bottom of the soil column follows a significant decreasing trend up

to nearly five days. This initial high concentration is contributed from the background soil con-

centration which is dissolved initially in aqueous phase due to the high concentration gradient.

Later (on 5th day), the ammonium nitrogen concentration started increasing and reaches the

maximum concentration after 30 days. Similarly, the nitrate nitrogen concentration in the aque-

ous phase is observed to be very high at initial time due to elevated background concentration

on nitrate nitrogen (60 mg/kg) in soil. However, the nitrate nitrogen concentration in the later

stage was controlled by the influent concentration given in the top of the soil column along with

the transformation and sorption processes. Moreover, the results show that high concentration of

NH4-N is observed in the infiltrating water. This can lead to contaminate the neighboring sur-

face water body such as lakes, ponds due to the lateral seepage process. It is toxic to fish if the

NH4-N concentration is higher than 4 mg/l. The HYDRUS-1D simulated profile was in good

agreement with measured ammonium and nitrate nitrogen concentrations. The developed model

was also able to predict both nitrogen species concentrations except during the initial simulation

time. Since the developed model did not have any term to compute the aqueous concentration

from huge background soil nitrogen concentration, the simulated results were not accounting

the addition on nitrogen species concentration in the aqueous phase from solid phase nitrogen

concentration in soil. The nitrification and denitrification values predicted by the HYDRUS-1D

model for Ludhiana soil are nearly similar to Kaluarachchi & Parker (1988) reported values.
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This confirms that the HYDRUS-1D and developed model were predicting the nitrogen species

concentrations well for Ludhiana soil. Figure 9 shows the concentration profile for Ludhiana soil

with high (untreated wastewater) influent contaminant concentration. The other physical, chem-

ical and biological conditions were similar to low influent contaminant concentration column

experiments. The predicted concentrations by HYDRUS-1D and developed model were in good

agreement with the observed data except for initial prediction by developed model.

Figure 10 shows the concentration variation of nitrogen species for Ludhiana soil for wheat

irrigation scenario with untreated wastewater application. The wastewater was applied only at

the scheduled times with the limited quantity (1,063 ml per day) which was calculated as per

the guidelines given by Tamilnadu Agricultural University. The effluent was collected at the

bottom of the column only when the wastewater was applied at the top of the soil column. How-

ever, measurable water was not collected at the bottom of the column during the first (1st day)

irrigation due to initial dry condition of soil. It is observed from figure 10 that the ammonium

nitrogen concentration profile was following a small decreasing trend and increasing trend there-

after. The initial high concentration is due to the background soil concentration and the higher

concentration in the later stage is due to the wastewater irrigation. Similarly, very high concen-

tration (approximately 1,400 mg/l) of nitrate nitrogen was observed during second irrigation due

to the background soil nitrogen concentration. Conversely, the concentration of nitrate nitrogen

is following a continuous reduction tendency in the later time due to the intermittent wastewater

application scenario which gives enough time for biodegradation. In both figures 9 and 10 for

high input concentration under the soil condition in Ludhiana, it can be noted that ammonium

nitrogen not completely degraded and is above the permissible level which is of concern.

Figure 10. Temporal variation of nitrogen species concentration for Ludhiana soil for wheat irrigation

scenario.
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4.5 Sensitivity analysis

Figure 11 shows the concentration profile of ammonium nitrogen and nitrate nitrogen for vari-

ous linear partitioning coefficient of ammonium nitrogen in Kancheepuram soil. The base linear

partitioning coefficient of ammonium nitrogen was predicted by the developed and HYDRUS-

1D model as 3.4×10−7 l/mg. When the linear partitioning coefficient was decreased by one

order, the peak concentration of both nitrogen species was observed earlier as compared with

the peak corresponding to the base value (3.4×10−7 l/mg). This shift of peak is due to low

retardation of ammonium nitrogen. Similarly, it was observed that the change in nitrate nitro-

gen due to the transformation of ammonium nitrogen by nitrification process. In the same way,

a drastic reduction of peak on ammonium nitrogen concentration was observed when the linear

partitioning coefficient was increased one order from base value (3.4×10−7 l/mg). This implies

that increasing the retardation factor increased the delay of the peak value of ammonium and

the corresponding nitrate nitrogen concentration. However the value of linear partitioning coef-

ficient of ammonium nitrogen was a good match for 3.4×10−7 l/mg (base value) with observed

ammonium nitrogen and nitrate nitrogen profiles.

Figure 12 provides the sensitivity of nitrification rate on ammonium nitrogen and nitrate nitro-

gen concentrations in Kancheepuram soil. The optimized value of nitrification rate obtained from

developed and HYDRUS-1D model was 0.4 per day and the sensitivity analysis was performed

for two higher and two lower rates from the optimized value. High concentration of ammonium

nitrogen was observed in figure 12 at low nitrification rate which implies that the conversion of

ammonium nitrogen to nitrate nitrogen was decreased and ammonium nitrogen concentration

got accumulated in the system. On the other hand, the nitrate nitrogen concentration was reduced

during low nitrification rate. Since the high nitrification rate enhances the conversion of ammo-

nium nitrogen to nitrate nitrogen, a significant amount of nitrate nitrogen was observed during

high nitrification rate.

Figure 13 shows the significance of denitrification rate on ammonium and nitrate nitrogen

concentration in Kancheepuram soil. The results show that the denitrification rate does not affect

the ammonium nitrogen concentration. Denitrification is done by mostly heterotrophs, which do

not depend on carbon source and are slow growing. It can increase diffusion rates due to high

concentration gradient locally caused by depletion of nitrate nitrogen. But this does not have

Figure 11. Sensitivity of adsorption rate (Kd in l/mg) on ammonium nitrogen concentration in (A)

Kancheepuram and (B) Ludhiana soil.
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Figure 12. Sensitivity of nitrification rate (K1) on ammonium nitrogen concentration in (A) Kancheepuram

and (B) Ludhiana soil.

any impact on ammonium nitrogen concentration even for huge changes in denitrification rate,

which is shown in figure 13. Conversely, a considerable change in the concentration profile for

nitrate nitrogen was observed for various denitrification rates. The peak concentration of 25 mg/l

was observed for 0.5 per day of denitrification rate; while at denitrification rate of 0.1 per day

increase in the nitrate nitrogen concentration was observed to be 100 mg/l. Hence, these low

denitrification rates can increase the nitrate nitrogen concentration in the aqueous phase which

eventually brings down the groundwater quality.

Figure 14 illustrates the variation of linear partitioning coefficient of ammonium nitrogen on

nitrogen species for Ludhiana soil. Figure 14 shows a significant variation on ammonium nitro-

gen concentration for different linear partitioning coefficient, whereas the corresponding change

in the nitrate nitrogen concentration was nullified due to the large background concentration in

soil. A significant change in nitrate nitrogen due to different linear partitioning coefficient of

ammonium nitrogen was clearly observed in the case of soil which was free from contamination

Figure 13. Sensitivity of denitrification rate (K2) on ammonium nitrogen concentration in (A) Kancheepuram

and (B) Ludhiana soil.



Experimental and modeling of nitrate in unsaturated soil 2449

Figure 14. Sensitivity of adsorption rate (Kd in l/mg) on ammonium nitrogen concentration in (A)

Kancheepuram and (B) Ludhiana soil.

(figure 11). The nitrification rate varying from 0.25 to 0.65 per day shows the concentration vari-

ation for ammonium nitrogen between 4.5 and 2.5 mg/l and for nitrate nitrogen between 8 and

11 mg/l (figure 15) in Ludhiana soil. However a considerable variation on ammonium nitrogen

and nitrate nitrogen concentration (figure 12) was observed in clay rich Kancheepuram soil

for various nitrification rates. This substantial variation is due to the large residence time by

reduced hydraulic conductivity in Kancheepuram soil, while the residence time was very less for

Ludhiana soil due to high permeability. Similar variation was also observed in nitrate nitrogen

concentration due to the change in the denitrification rates (figure 16). Since denitrification pro-

cess is performed by different groups of bacteria mostly heterotrophs, which convert the nitrate

nitrogen to nitrogen gas, there is no impact on ammonium nitrogen concentration for any change

in denitrification rate, which is shown in figure16.

Figure 15. Sensitivity of nitrification rate (K1) on ammonium nitrogen concentration in (A)

Kancheepuram and (B) Ludhiana soil.



2450 M Berlin et al

Figure 16. Sensitivity of denitrification rate (K2) on ammonium nitrogen concentration in (A)

Kancheepuram and (B) Ludhiana soil.

4.6 Extreme case analysis

In order to understand the severity of nitrogen species in groundwater resource during the

wastewater application for agriculture, the developed numerical model was performed for vari-

ous extreme influent concentrations in Kancheepuram and Ludhiana soil for 100 days of paddy

irrigation. Initially, the soil was assumed to be free from nitrogen contamination in all extreme

case analysis. The concentration of ammonium and nitrate nitrogen at different depths for various

influent concentrations in Kancheepuram and Ludhiana soil are shown in tables 6 and 7 respec-

tively. This will provide us the information on which locations are at high risk of groundwater

contamination depending on the groundwater table depths.

It is observed from table 6 that the nitrate nitrogen concentration was above the allowable limit

(10 mg/l) approximately up to 250 cm depth when the total (ammonium-nitrogen and nitrate

nitrogen) nitrogen applied was 70 mg/l irrespective of individual nitrogen species concentration

Table 6. Maximum predicted nitrogen species concentration (mg/l) at different depth for extreme case

input wastewater concentration for Kancheepuram soil from HYDRUS-1D model (Kd = 3.4×10−7, K1 =

0.45 per day, K2 = 0.04 per day).

Influent wastewater concentration (mg/l)

NH4-N = 50 NH4-N = 100 NH4-N = 20 NH4-N = 50

NO3-N = 20 NO3-N = 50 NO3-N =50 NO3-N =100

Effluent concentration (mg/l)

Depth (cm) NH4-N NO3-N NH4-N NO3-N NH4-N NO3-N NH4-N NO3-N

50 1.42 48 2.82 103.0 0.57 47.0 1.42 101.0

100 0.04 32.5 0.075 69.3 0.02 31.2 0.04 67.2

150 0 21.3 0 45.5 0 20.5 0 44.1

200 0 14.1 0 30.1 0 13.6 0 29.2

250 0 9.31 0 19.9 0 8.94 0 19.2

300 0 6.16 0 13.1 0 5.91 0 12.7

350 0 4.09 0 8.73 0 3.92 0 8.44

400 0 2.69 0 5.75 0 2.58 0 5.56
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Table 7. Maximum predicted nitrogen species concentration (mg/l) at different depth for extreme case

input wastewater concentration for Ludhiana soil from HYDRUS-1D model (Kd = 3.4× 10−7, K1 = 0.45

per day, K2 = 0.04 per day).

Influent wastewater concentration (mg/l)

NH4-N = 50 NH4-N = 100 NH4-N = 20 NH4-N = 50

NO3-N = 20 NO3-N = 50 NO3-N =50 NO3-N =100

Effluent concentration (mg/l)

Depth (cm) NH4-N NO3-N NH4-N NO3-N NH4-N NO3-N NH4-N NO3-N

200 4.15 53.5 8.29 115 1.66 53.7 4.15 115

400 0.34 44.3 0.65 94.5 0.13 42.6 0.33 91.6

600 0 34.2 0 73.0 0 32.8 0 70.6

800 0 26.2 0 56 0 25.2 0 54.2

1000 0 20.1 0 42.9 0 19.3 0 41.6

1200 0 15.4 0 32.8 0 14.8 0 31.9

1400 0 11.7 0 25.1 0 11.4 0 24.5

1600 0 8.91 0 19.0 0 8.7 0 18.7

1800 0 6.72 0 14.4 0 6.64 0 14.2

2000 0 5.13 0 11.0 0 5.15 0 11

variation. Similarly the concentration level of nitrate nitrogen was above the allowable limit

nearly up to 350 cm for the total applied nitrogen concentration of 150 mg/l. On the other hand,

the predicted ammonium nitrogen concentration was very less for all depths in all application

scenarios. This high concentration of nitrate nitrogen in all depths is due to the high nitrification

rate which converts ammonium nitrogen to nitrate nitrogen and low denitrification rate.

The nitrogen dynamics at different depths for Ludhiana soil is shown in table 7 with sim-

ilar nitrogen transformations assumed for Kancheepuram soil (table 6). The results show that

the ammonium nitrogen concentration is relatively higher even at 200 cm depth (0 mg/l for

Kancheepuram soil and 4.15 mg/l for Ludhiana soil with 70 mg/l of total nitrogen application)

in the case of Ludhiana soil as compared with the Kancheepuram soil, even though the partition

coefficient was less for Ludhiana soil. It is observed that for Ludhiana soil, the groundwater is at

risk for locations with water table greater than 1,000 cm. This higher concentration of ammonium

nitrogen in Ludhiana soil is mainly due to high hydraulic conductivity, whereas the ammonium

nitrogen can convert to nitrate nitrogen in Kancheepuram soil due to low hydraulic conductivity

(high residence time). Similarly, the nitrate nitrogen concentration was also observed to be very

high for all depths in Ludhiana soil during all application scenarios. It is further observed from

table 7 that the nitrate nitrogen concentration was above the allowable limit (10 mg/l) approxi-

mately up to 1,400 cm depth, when the total (ammonium-nitrogen and nitrate nitrogen) nitrogen

applied was 70 mg/l and up to 2,000 cm depth, for 150 mg/l of applied total nitrogen. This

shows that the applications of high nitrogen content wastewater for irrigation in Ludhiana soil

will affect the groundwater quality even when the groundwater table is deep.

5. Conclusions

In this present study, soil column experiments were performed to investigate the dynamics of

nitrogen species in water phase with different irrigation scenarios during the application of

treated or partially treated wastewater. Furthermore, a numerical model is developed to simulate
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the transport of nitrogen species from wastewater experimented in a soil column. The one-

dimensional coupled water flow and nitrogen species transport model were solved using implicit

finite difference scheme. To examine the performance of the developed model, the commercially

available HYDRUS-1D software was also used to simulate the nitrogen species transport. From

the experimental and model analysis, the following conclusions were arrived:

• The HYDRUS-1D and developed numerical model results were in good agreement with

the experimentally observed nitrogen species concentration data.

• The computed van Genuchten parameters for Kancheepuram and Ludhiana soil using pres-

sure plate apparatus and RETC software were appropriate to investigate the nitrogen species

concentrations using HYDRUS-1D and developed models.

• A delayed appearance of the effluent at the bottom of the soil column was observed due to

the low permeability of soil for paddy irrigation scenario in Kancheepuram soil (6×10−5

cm/s) as compared with Ludhiana soil (3.9×10−4 cm/s).

• The effluent was not collected for all intermittent wastewater application of groundnut

irrigation in Kancheepuram soil and the effluent was collected during the intermittent

wastewater application for wheat except during first wheat irrigation. The high concentra-

tion of nitrate nitrogen observed in the effluent for wheat irrigation scenario was due to the

high background nitrate concentration in soil.

• Lesser value of linear partition coefficient of ammonium nitrogen (3.4×10−8 l/mg)

increases the aqueous phase ammonium nitrogen (22 mg/l) and nitrate nitrogen (40 mg/l)

concentration in Kancheepuram soil. On the other hand, higher value of partition coeffi-

cient (3.4×10−6 l/mg) decreases the ammonium nitrogen (2.5 mg/l) and nitrate nitrogen (8

mg/l) concentration. However, the variation of linear partition coefficient in Ludhiana soil

does not have much influence due to high background ammonium concentration in the soil.

• The ammonium nitrogen concentration decreases from 50 mg/l to 8 mg/l for the decrease

in nitrification rate from 0.2/day to 0.6/day and the corresponding nitrate nitrogen was

varying from 37 mg/l to 55 mg/l in Kancheepuram soil. Similarly, the ammonium nitrogen

was varying between 2.5 mg/l and 5 mg/l, and the nitrate nitrogen concentration varying

between 8.5 mg/l and 10.5 mg/l for the nitrification rate between 0.25/day and 0.65/day in

Ludhiana soil.

• The concentration of nitrate nitrogen is increasing from 25 mg/l to 100 mg/l in Kancheepu-

ram soil and 9.5 mg/l to 10.25 mg/l in Ludhiana soil for the variation of denitrification rate

from 0.5/day to 0.1/day and 0.06/day to 0.02/day respectively. However, denitrification rate

does not have any impact on ammonium nitrogen concentration.

• Extreme case analysis shows that the application of high nitrogen content wastewater for

irrigation in Ludhiana soil will affect the groundwater quality even when the groundwater

table is deep due to high hydraulic conductivity as compared with Kancheepuram soil.

In over all, the developed numerical model and HYDRUS-1D software were predicting well

with the observed ammonium and nitrate nitrogen concentration in the soil column experi-

ments. The developed model can be further extended to study the influence of unsaturated soil

hydraulic parameters and transformation rates on nitrogen species concentration in the context

of groundwater contamination.
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