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Abstract. A comprehensive field experiment was conducted near Las Nutrias, New 
Mexico, to study field-scale flow and transport in the vadose zone. The field data were 
analyzed in terms of a two-dimensional numerical model based on the Richards equation 
for variably saturated water flow, convection-dispersion equations with first-order chemical 
decay chains for solute transport, and bimodal piecewise-continuous unsaturated hydraulic 
functions to account for preferential flow of water and nitrate-nitrogen (NO3-N; loosely 
used as NO•-) following flood irrigation events at the experimental site. The model was 
tested against measured NO•- flux concentrations in a subsurface tile drain, several 
monitoring wells and nested piezometers, and against resident NO•- concentrations in the 
soil profile (obtained at 52 spatial locations and four depths along a transect). NO•- 
transport at the field site could be described better with the bimodal hydraulic functions 
than using the conventional approach with unimodal van Genuchten-Mualem type 
hydraulic functions. Average resident nitrate concentrations measured across the soil 
profile were predicted reasonably well. However, NO•- flux concentrations in the 
subsurface tile drain and piezometers at the field site were occasionally underestimated or 
overestimated depending upon the irrigation sequence in three field benches, probably 
reflecting unrepresented three-dimensional regional flow/transport processes. Limiting the 
capture zone to a region closer to the tile drain did lead to a better match with observed 
sharp increases and decreases in predicted NO•- flux concentrations during the irrigation 
events. On the basis of this result we inferred that the preferential flow intercepted by the 
tile drain was generated in close proximity of the drain and essentially oriented vertically. 
In summary, our study suggests that irrigation scheduling in adjacent field plots, drainage 
design (e.g., spacing between tiles, drain depth, drain diameter) and effectiveness (e.g., 
drain blockage), preferential flow in (horizontal) surface-opened shallow cracks and 
(vertical) macropores, and transient regional groundwater flow can add significant 
uncertainty to the predictions of (local-scale) flow and transport to a tile drain. 

1. Introduction 

Field-scale transport of agricultural chemicals from the soil 
surface to and into groundwater through the vadose zone is 
increasingly recognized as an extremely complicated process. 
Available computer models generally lack one or several of the 
most important physical, chemical, or biological processes op- 
erative at the field scale. One such important field-scale pro- 
cess is the preferential flow of water and dissolved constituents 
through a complex network of soil macropores, worm holes, 
root channels, and structural cracks, especially during and after 
the application of large amounts of water. Furthermore, pro- 
cesses occurring at larger (e.g., regional) scales may add sig- 
nificant uncertainty to the predictions based on local-scale 
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physical, chemical, and biological process information. Deter- 
ministic identification and representation of the most relevant 
flow and transport processes under site-specific soil, crop, wa- 
ter, and chemical management conditions and for the prevail- 
ing atmospheric, topographic, and hydrologic situations should 
optimally be done through well-designed field experiments and 
modeling in an interactive manner [Tod and Grismer, 1996]. 
Site-specific findings should be assimilated later to deduce 
more general rules. 

Tile drains are popularly used in many agricultural fields for 
draining excess water from the vadose zone to sustain optimum 
soil water contents for crop production and/or maintaining low 
levels of soil salinity, sodicity, or other contaminants. Tile 
drains have been used recently to advantage for studying field- 
scale transport behavior [Hallberg et al., 1986]. In different 
studies [Shalit and Steenhuis, 1996; Singh et al., 1996; Munster et 
al., 1996, 1994; Booltink, 1995; Kladivko et al., 1991; Czapar and 
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Kanwar, 1991; Richard and Steenhuis, 1988; Bowman and Rice, 
1986; White et al., 1983], researchers have interpreted sharp 
increases in tile drain outflow and its chemical concentrations, 
during and following heavy irrigation or rainfall, as being in- 
dicative of field-scale preferential flow. Moreover, many stud- 
ies claim that tile drains are good spatial integrators of field- 
scale flow and chemical transport processes (including 
preferential flow) and hence that they are excellent tools for 
estimating effective flow and transport properties of relatively 
large fields. A limited number of two-dimensional numerical 
modeling studies [e.g., Khan and Rushton, 1996a; Munster et al., 
1996; Singh et al., 1996; Singh and Kanwar, 1995a, b; Kamra et 
al., 1991a, b; Sanoja et al., 1990] have tested the use of tile 
drains as spatial integrators of matrix-dominated flow in the 
presumed absence of preferential flow. Also, Jury [1975a, b] 
developed an analytical method to calculate travel times for 
flow originating at different distances from a tile drain using 
the assumption of Darcian flow. Attempts to test models with 
field data [e.g., Ragab et al., 1996; Singh and Kanwar, 1995a, b; 
Kamra et al., 1991b] often were not successful because of a 
failure to account for preferential flow and/or transient re- 
gional groundwater flow. These studies all assumed that the 
capture zone of the tile drain remained constant with time, 
irrespective of the presence or absence of matrix, preferential, 
or regional flow regimes at the experimental site. Other studies 
by Luxmoore [1991] and Thomas and Barfield [1974] concluded 
that tile drains can be unreliable for quantifying chemical 
transport from a field since they intercept only a relatively 
small proportion of the total flow in the field. The above 
findings are partly due to our still limited capability to accu- 
rately measure and model multidimensional field-scale water 
flow and solute transport under variably saturated conditions, 
especially during conditions of preferential flow. 

In a recent paper, Mohanty et al. [1997] identified and mod- 
eled preferential flow to a tile drain in a macroporous field 
under intermittent flood irrigation practice near Las Nutrias, 
New Mexico. Preferential flow was modeled by using bimodal 
type piecewise-continuous unsaturated hydraulic functions. 
Results of the study showed that the bimodal functions did 
lead to better predictions of the drainage flux in the subsurface 
tile drain following any irrigation event as compared to the 
unimodal van Genuchten-Mualem hydraulic functions. In this 
paper we will further evaluate the bimodal hydraulic functions 
with regard to predicting field-scale preferential solute trans- 
port under intermittent flood irrigation. Specific objectives are 
(1) to monitor and interpret transient resident NO•- concen- 
trations at different spatial locations and depths across the 
vadose zone, (2) to monitor and analyze NO•- flux concentra- 
tion in a subsurface tile drain, in several monitoring wells, and 
in nested piezometers at the experimental field, (3) to develop 
a two-dimensional numerical model for preferential flow and 
transport following flood irrigation using the piecewise- 
continuous hydraulic functions, (4) to test model performance 
using the observed NO•- flux and resident concentrations, and 
(5) to investigate the appropriateness of tile drains as field 
integrators of flow and transport for the specific preferential 
and regional groundwater flow conditions characteristic of our 
experimental site. 

2. Field Site 

The experimental field site is located on a 24-ha commercial 
agricultural farm, situated on an alluvial flood plain of the Rio 

Grande, near Las Nutrias, New Mexico. The basin lies within 
the Rio Grande rift, a series of north-south trending half gra- 
bens oriented parallel to the Rio Grande. The climate is arid to 
semiarid and has a wide range in temperature and rainfall. The 
parent material for the entire valley is alluvium. Plate 1 [Mo- 
hanty et al., 1997] shows the major soil classes across the 6-ha 
center bench of the field, including our study section. In gen- 
eral, the field site consists of silty clay loam sediments with 
moderate to poor drainage properties underlain by fine sands, 
with no impeding strata to a depth of about 7 m [National 
Resource Conservation Service (NRCS), 1992]. Surface hori- 
zons, however, contain visible root channels, worm holes, and 
cracks, thus potentially providing a complex network of pref- 
erential flow paths. The field (Plate 1) is relatively flat and 
divided into three benches: east (240 m x 270 m), center (240 
m x 270 m), and west (420 m x 270 m), separated by berms. 
To sustain agricultural productivity, the field site was equipped 
with surface irrigation and subsurface (tile) drainage systems. 

The subsurface tile drainage system consisted of four lateral 
drain lines installed at a depth of ---1.2 m. The tile drains 
connected to a main drain line leading to an off-site open- 
channel drain on the west. Irrigation return flows draining 
from the field, as well as periodic buildup of shallow ground- 
water flowing in from off-site areas, were collected by the 
drainage system. A southern section of the center bench drain- 
age system was isolated by installing two manholes along a 
single drain line at the east (up) and west (down) ends of the 
bench (Plate 1 and Figure 1). The manholes allowed regular 
sampling of water quantity and quality entering and leaving the 
study section of the drain line. The manholes were equipped 
with Signet © flow measurement systems including data loggers 
for monitoring flow rates at 5-min intervals. Automated ISCO © 
2700 samplers were used to collect drain water samples in 
these manholes. We used the isolated section of the center 

bench for collecting soil hydraulic parameters and for moni- 
toring flow and transport in the vadose zone. Horizontal and 
vertical pressure gradients and chemical concentrations of 
groundwater at different (2, 3, 5, and 7 m) depths in the 
underlying aquifer were determined regularly using piezom- 
eters and observation wells along the periphery of the field site. 
For this purpose, eight nested piezometers at 2-, 3-, 5-, and 7-m 
depths and 34 monitoring wells at 2-m depth (Plate 1) were 
installed around the field. Three rain gauges were located on 
the center bench to monitor the average precipitation input of 
individual rainfall events. 

A concrete-lined canal on the north side of the field supplied 
irrigation water to all three benches through a number of 
control gates using flood irrigation. Irrigation water flowed 
from the north end of the field to the south end in about 4-7 

hours and remained ponded in the field for several hours with 
simultaneous infiltration. After the desired amount of water 

was delivered to the field, irrigation supply was cutoff, thus 
allowing continued variably saturated flow and redistribution 
within the soil profile. A 25-cm-diameter circular weir of the 
type developed by Samani [1993] was used in the irrigation 
canal to measure water input to the center bench during each 
irrigation event. The local farmer scheduled the water input 
events to different benches depending on the consumptive 
needs of his crops at the different growth stages. Table 1 shows 
the irrigation dates and amounts, including the bench sequence 
during 1994 and 1995. All three benches normally received 
water on the same day, although irrigation in the three benches 
was spread occasionally over 2-day periods. Table 2 shows the 
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Figure 1. Three-dimensional view of the field site including hydrology, soil and water quality monitoring 
facilities, and locations of surface and subsurface site characterization studies. 

crop rotation for 1994/1995. Details of the measurement and 
mathematical description of the surface and shallow subsur- 
face hydraulic properties of the field site are given by Mohanty 
et al. [1997]. 

2.1. Solute Flux Concentration Sampling 

Observation wells at 2-m depth and piezometers at 2-, 3-, 5-, 
and 7-m depths (Plate 1 and Figure 1) were sampled intermit- 
tently for chemical concentrations to determine the spatiotem- 
poral distributions and vertical concentration gradients of sol- 
utes in the shallow groundwater zone. Sampling intervals 
ranged from a few weeks during summer to a few months 

during winter. To avoid measuring stagnant well water, approx- 
imately five well volumes were bailed before samples were 
actually collected. A total of 544 and 416 water samples were 
collected during 1994 and 1995, respectively. ISCO 2700 auto- 
matic water samplers were used to collect tile effluents at the 
east and west manholes (Plate 1 and Figure 1). During irriga- 
tions, water samples were taken every 2 hours for the first 48 
hours, then once every 4 hours for the next 48 hours, and 
subsequently once every 6 hours for 72 hours. This scheme was 
followed by sampling at 24-hour intervals until the next irriga- 
tion. Water samples collected from the tile drains, monitoring 
wells, and piezometers were later analyzed for NO•- and other 

Table 1. Irrigation Application Dates and Volumes Applied to the Center Bench 

Total Elapsed Total Volume, Total Depth, Bench 
Date Day* Time, hours L mm Sequence? 

June 8, 1994 721 4.5 4.14E + 06 61.22 E-C-W 
June 27, 1994 740 7.0 4.56E + 06 67.43 E-C-W 
Aug. 8, 1994 782 6.0 5.10E + 06 75.41 E-C-W 
Sept. 28, 1994 833 7.5 5.88E + 06 86.93 W-C-E 
April 10, 1995 1026 6.0 6.47E + 06 95.76 E-W-C 
April 26, 1995 1043 6.5 5.37E + 06 79.48 E-W-C 

Bench sequence indicates the order of water application during a particular irrigation event. Irrigation 
events prior to June 1994 were not recorded. Read 4.14E+06 as 4.14 x 10 6. 

*Sequential day from the start of the project. 
?E, east bench; C, center bench; W, west bench. 



MOHANTY ET AL.: PREFERENTIAL TRANSPORT OF NITRATE TO A TILE DRAIN 1065 

solutes by using High Performance Liquid Chromatography 
(HPLC) in the New Mexico Institute of Mining and Technol- 
ogy soil water chemistry laboratory. 

Table 3 presents mean NO•- flux concentrations for the 34 
observation wells located at the experimental field site. No 
general trend was found in the mean concentrations in hori- 
zontal space. The NO•- distributions were somewhat influ- 
enced by the irrigation sequence and timing of the three field 
benches (to be discussed in section 4) and by spatial variability 
in the flow/transport process. However, mean NO•- flux con- 
centration showed a somewhat decreasing trend with time. 
Except for a few hot points having high values (--•7 mg/L), 
NO•- concentrations were generally quite low across the field 
at 2-m depth on all sampling dates. No apparent reason could 
be found for the localized hot points. Figure 2 shows the 
vertical profile in the NO•- flux concentration on different 
dates measured in four nested piezometers (11, 14, 21, and 24, 
Plate 1) located on the four corners of our study section. 

Table 2. Crop Rotation Schedule for the Center Bench at 
the Las Nutrias Field Site 

Crop Planting Date Harvest Dates 

Winter wheat Oct. 10, 1993 
Sorghum-Sudan cross May 13, 1994 
Alfalfa Sept. 25, 1994 

not harvested 

July 19, 1994 
May 29, 1995 
June 2, 1995 
July 5, 1995 
Aug. 6, 1995 
Sept. 6, 1995 
Oct. 15, 1995 

Except for one outlier, no significant vertical concentration 
gradient (between 2- and 7-m depths) was found in the shallow 
groundwater zone. Moreover, NO•- flux concentration at these 
depths remained low and approximately unchanged through- 

NO3 Concentration (mg/I) NO3 Concentration (mg/I) 

O, i i i i O, i i i ! ß 

11 / -'- 11/08/94 I / .4- /08/94 
11 I _•_ 11/22/94 I •o• _•_ /22/94 

l•j• __0 /22/95 
1 (•1• •01/29/95 I •• •0 /29/95 

NO3 Concentration (mg/I) NO3 Concentration (mg/I) 

O, I I I I ' O, I I I I 

• •21 

-[ • 11/o8/941 • • 11/08/94 
/ • 11/aa/e41 / • 11/22/94 

•• --01/22/951 •1• __01/22/95 
BINIX • o 1/2 e/es I . [ [ • o 1/2•/es 

+05/29/95 

Figure 2. Intermittent NO•- flux concentrations observed in the piezometers on the four corners of the study 
section in the center bench. 
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out the sampling period (August 1994 to approximately May so 
1995). 

NO•- flux concentration in the tile drain water collected 
from the east and west manholes are shown in Figure 3. Evi- • 4o 
dently, in both manholes, sharp increases in the drainage water 
NO•- concentrations occurred within a few hours following all 
irrigation events. The concentrations remained high for a few -• 3o 
days, followed by sharp drops (with little tailing) to the rela- 
tively low background preirrigation concentration level. In 
general, NO•- concentration in the tile water became as high as • 2o 
10 - 15 mg/L before returning to background levels of about .•' 
0.3 - 0.5 mg/L. The sharp increases and decreases in NO•- > 
concentration qualitatively suggest that transport to the tile 
drain was mostly convection-dominated following the irriga- 
tion events. 
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ß 0-30 cm 

ß 30-60 cm 
.__. 
• ß 60-90 cm 

• - 90-120 cm 

i 

lO i illtill [I III Illlllllllllllllllllll I•111 II III II 1111111 [ 
38 29 20 11 2 3.5 12.5 21.5 30.5 

Distance from Tile Drain (m) N< .... 

2.2. Solute Resident Concentration Sampling 

From late February thru early March 1994 and 1995, soil 
samples were collected from the center bench study section 
along a north-south transect perpendicular to the tile drain, as 
shown in Figure 1. Fifty sampling sites along this transect were 
arranged 1.5 m apart on both sides of the tile drain. In addi- 
tion, several soil samples were collected very close to the tile 
drain. An •2-m separation distance was maintained between 
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Figure 3. Tile flux NO•- concentrations at the east and west 
manholes. Breaks in the line indicate missing data because of 
human or instrumental factors. 
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Figure 4. Profile soil moisture content across the N-S 
transect in February 1994 and February 1995 at the field site. 

the 1994 and 1995 sampling transects. This sampling scheme 
was used to investigate possible spatial patterns (trends) in soil 
attributes (e.g., resident NO•- concentration) created as a re- 
sult of flow to the tile drain. Soil samples were collected in 
30-cm increments from the soil surface to a depth of 120 cm 
•sing Veihmeyer © soil sampling tubes. The soil samples were 
later analyzed for gravimetric soil water content, soil water 
NO•- concentration (by using HPLC), soil bulk density, and 
soil texture. Note that the same sites (within 1-m-diameter 
area) were previously also used for determining water reten- 
tion and hydraulic conductivity functions using in situ and 
laboratory methods [Mohanty et al., 1997]. 

Figures 4 and 5 show spatial distributions of the soil water 
content and the resident NO•- concentration at different 
depths across the north-south transect for February 1994 and 
1995, respectively. Except for a narrow sharp dip in concen- 
tration near the tile drain in 1995, no plot-scale tile flow in- 
duced trend was found in the resident NO•- concentration at 
all four depths. This feature may indicate in part that the 
radial/vertical capture zone for the tile drain was quite narrow. 
Moreover, geostatistical analyses [Journel and Huijbregts, 1978] 
of the spatial data resulted in white noise dominated semiva- 
riograms (Figure 6) indicating no spatial structure. Table 4 
gives descriptive statistics including mean, range, standard de- 
viation, and W statistics [Shapiro and Wilk, 1965] of the 1994 
and 1995 resident nitrate concentration and soil water content 

data. The concentration and soil water content data were both 

found normally distributed at all depths and times. The high 
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Figure 5. Profile resident NO•- concentrations across the 
N-S transect in February 1994 and February 1995 at the field 
site. 

resident nitrate concentrations near the soil surface (0-30 cm) 
in 1994 were partly due to failure of winter wheat in the 
preceding season, which left large amounts of unused urea 
fertilizer in the soil. Furthermore, freezing of the surface soil 
during the winter months of 1993-1994 may have helped to 
preserve the NO•- until spring 1994. A statistical comparison 
showed significant differences between resident NO•- concen- 
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Figure 6. Semivariograms of profile resident NO•- concen- 
trations in 1994 and 1995. 

trations in 1994 and 1995, indicating its depletion from the soil 
profile over several crop growing seasons during the 1-year 
period. Depletion of NO•- was likely due to several simulta- 
neous processes including convective-dispersive transport to 
groundwater, immobilization to biomass (i.e., organic nitro- 
gen), denitrification to nitrogen gas, and uptake by plants. 
Total nitrate depletion was maximum near the soil surface (at 
0-30 cm) and decreased gradually with depth. Low and statis- 

Table 4. Descriptive Statistics of Resident NO•- Concentration and Soil Moisture Content at the Field Site in 1994 and 
1995 

1994 1995 

Statistics 0-30 cm 30-60 cm 60-90 cm 90-120 cm 0-30 cm 30-60 cm 60-90 cm 90-120 cm 

Resident NO3- Concentration, mg/L 
Number 54 54 54 54 54 54 53 54 
Mean 163.75 45.28 17.74 23.14 29.29 12.42 3.11 2.01 
Standard deviation 72.23 23.10 12.54 35.25 15.88 10.06 2.98 2.13 
Minimum 73.03 0.00 2.79 0.17 0.04 0.31 0.23 0.00 
Maximum 470.82 100.87 53.27 153.29 78.51 35.74 13.20 11.03 
W statistics* 0.775 0.97 0.874 0.664 0.964 0.889 0.795 0.365 

Gravimetric Soil Moisture Content, % 
Number 54 54 54 54 54 54 54 54 
Mean 16.61 23.09 26.89 20.11 15.56 22.42 27.59 22.38 
Standard deviation 1.77 3.10 3.71 2.56 1.74 2.74 2.09 2.97 
Minimum 12.36 15.41 17.31 15.09 12.68 15.81 20.64 16.04 
Maximum 23.15 38.73 32.78 27.68 22.40 27.03 31.77 28.45 
W statistics* 0.938 0.829 0.936 0.954 0.943 0.957 0.950 0.964 

*Normally distributed at a confidence level >0.9. 
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tically similar mean soil water contents during the 1994 and 
1995 soil sampling events (Table 4) facilitated an unbiased 
year-to-year comparison of resident NO•- concentrations in 
the soil profile. 

3. Model Description 
The field experimental data were analyzed in terms of a 

two-dimensional numerical model accounting for variably sat- 
urated flow, convective-dispersive transport of several nitrogen 
species, and preferential flow/transport using bimodal type hy- 
draulic functions. The model is a modification and extension of 

the CHAIN_2D code documented by Simunek and van Genu- 
chten [1994]. This section gives a brief overview of the model. 

3.1. Governing Equations for Water Flow and Solute 
Transport 

Considering two-dimensional isothermal Darcian flow of 
water and assuming that the different pore regions (micro- 
pores and macropores) are at hydraulic equilibrium in a vari- 
ably saturated rigid porous medium, the governing flow equation 
is given by the following modified form of the Richards equation: 

= K K• + K'• - S (1) O t O x i •xjx j 

where 0 is the volumetric water content [L3L-3], h is the 
pressure head [L], 3' is a sink term [T-i], x i (i = 1, 2) are 
the spatial coordinates [L ], t is the time [T], K• are compo- 
nents of a dimensionless anisotropy tensor K 'n, and K is the 
unsaturated hydraulic conductivity function [L T-1] given by 

K(h, x, z) = Ks(x, z)Kr(h , X, Z) (2) 

where Kr is the relative hydraulic conductivity and K• is the 
saturated hydraulic conductivity [L 7'-1]. The anisotropy ten- 
sor K• in (1) is used to account for an anisotropic medium. 
The diagonal entries of K• equal 1 and off-diagonal entries 
zero for an isotropic medium. If (1) is applied to planar flow in 
a vertical cross section, Xl = X is the horizontal coordinate and 
x2 = z is the vertical coordinate, the latter taken to be positive 
upward. Einstein's summation convention is used in (1). Hence 
when an index appears twice in an algebraic term, this partic- 
ular term must be summed over all possible values of the index. 

Piecewise-continuous hydraulic functions [Mohanty et al., 
1997] were found to perform better than the normal unimodal 
hydraulic functions when simulating water flow at our experi- 
mental field site. For a multimodal pore-size distribution con- 
taining p capillary-dominated flow domains, the piecewise- 
continuous soil water retention and hydraulic conductivity 
functions can be written as 

O(h) = • wpOp(h)= • Wp Or, p -{-[1 n t- (olph)np] mp (3) 
p p 

0-- Os(p=l) h > h* o 

K(h ) : • kpKp(h ) 
p 

: E kp (1- (o•ph)np-l[1 n c (olph)np]-mP) 2 [ 1 n t- (o•)np]mp/2 
P 

h<h* • 0 

(4) 

(mp i -- 1/rtp) h < h * : _ (5) 

Knp(h ) = K* + K*[exp (h-h*)a- 1] h* •:<h -<0 (6) 

gnp(h ) = K* + g*[exp (-h*)a - 1] h > 0 (7) 

where Kp is the hydraulic conductivity of the pth capillary- 
dominated flow domain [L T-1], Kn p is the hydraulic conduc- 
tivity for noncapillary-dominated flow domain [L T-1], Os,p is 
the saturated water content of the p th capillary-dominated 
flow domain [L 3L - 3], Or,p is the residual water content of the 
pth capillary-dominated flow domain [L3L-3], h is the equi- 
librium soil water pressure head of the bulk soil across all flow 
domains [L] h* • h* = h* is the critical or break point soil 2 K 0 

water pressure head where flow changes from capillary- 
dominated to noncapillary-dominated flow or vice versa [L ], 
K* is the hydraulic conductivity corresponding to h * [L T-1], 
8 is a fitting parameter representing effective macroporosity or 
other structural features contributing to noncapillary domi- 
nated flow [L-l], ap, and rtp are fitting parameters [van 
Genuchten, 1980] for the pth capillary-dominated flow domain 
[L -1, dimensionless], Wp is the weighting factor of the pth 
capillary-dominated flow domain such that Z Wp = 1, and 0 -< 
Wp -< 1 [dimensionless], and kp is the saturated hydraulic 
conductivity for capillary-dominated flow domain p subjected 
to Z kp = K*[LT-1]. 

Conceptually, the above functions indicate that the van Ge- 
nuchten-Mualem models (equations (3) and (5)) should be 
used only for tensions greater than h* when capillary flow 
dominates, in conjunction with other more appropriate models 
(e.g., equations (4) and (6)) for soil water retention and espe- 
cially the hydraulic conductivity at tensions less than h * when 
gravity flow dominates. Note that when p = 1, the sum type 
multimodal van Genuchten-Mualem hydraulic functions 
(equations (3) and (5)) reduce to the original unimodal van 
Genuchten-Mualem functions. 

The partial differential equations governing two-dimen- 
sional equilibrium transport of solutes involved in a sequential 
first-order decay chain during transient water flow in variably 
saturated rigid porous medium are taken as [Simunek and van 
Genuchten, 1994] 

OOc1 OpS1 Oav#l O o, OCl nt_ a D e Ogl O•-- -t- • + O• = O Xi OD ij'l O xj / •Xi v ij,1 O Xj,] 
Oqic l 

OX i SCr, 1- (jbbto, 1 q- jb[•,l) 0C 1 -- (jbbs, 1 q- I&ts,1)pS1 
-- (/•#,1 nt- /-l,;,1)avgl q- Tto, 10 nt- Ts,ll O nt- Tg, lav k = ] (8) 

OOck Opsk Oav#a 0 • Oca + a O--• + -•- + O-•-•- = O x, OD 'i'• axil •ii vD[,• axil 
O q •c •, 

OX i SCr, k- (t.l, to,k q- t.l, tm,k) OCk- (t.l,s,k q- t.l, ts,k)pSk 
t t t 

-(l•g,a + I•g,a)a•ga + I&to,k-lOCk-1 '-1- I&s,k-lpSk-1 
t 

+ t-lCg,k-lazO'k-1 + 'Yto,k 0 + 'Ys,kP + 'Yg,kav (9) 

e (2, ''',K) 

where c, s, and g are solute concentrations in the liquid 
[ML-3], solid [MM-1], and gaseous [ML -3] phases, respec- 
tively; q i is the i th component of the volumetric flux density 
[LT-1]; /•0,, /%, and /• are first-order rate constants for 
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Table 5. Fertilization Applications at the Las Nutrias Field Site 

West Bench, Center Bench, East Bench, 
Date Day Fertilizer kg/ha kg/ha kg/ha 

June 25, 1993 374 ammonium sulphate 448 448 ... 
Oct. 15, 1993 486 urea 224 ...... 
Oct. 25, 1993 496 urea .-. 224 -.. 
March 7, 1994 628 ammonium sulphate 448 ...... 
May 13, 1994 695 urea 224 ...... 
April 3, 1995 1019 N(8)-P(36)-K(4)-S(4) 280 280 280 

solutes in the liquid, solid, and gas phases [T- •], respectively; 
/•t t t o,, •s, and •a are similar first-order reaction rate constants 
providing connections between the individual chain species; 
To,, 3's, and •/a are zero-order rate constants for the liquid 
[ML-3T-i], solid [T-l], and gas [ML-3T -•] phases, re- 
spectively; p is the soil bulk density [ML-3], a v is the air 
content [L3L-3], S is the sink term in the water flow equa- 
tion, c r is the concentration of the sink term [ML-3], D• is 
the dispersion coefficient tensor [L 2T-1] for the liquid phase; 
D[. is the diffusion coefficient tensor [L2T -•] for the gas 
phase; k represents the kth chain number; and K is the number 
of solutes involved in the chain reaction. The indicial notation 

used in this paper assumes summations over indices i and j (i, 
j) but not over index k. 

3.2. Nitrogen Dynamics and Modeling 

Novotny and Chesters [1981] summarized the complex be- 
havior and transformation processes of nitrogen in soils. Fix- 
ation of atmospheric N, accumulation of ammonium-N, am- 
monification of organic-N, hydrolysis of urea, nitrification of 
ammonium-N, denitrification of nitrate-N, fixation of ammo- 
nium-N, plant uptake of nitrate-N, and ammonium volatiliza- 
tion constitute the most important transformation process of 
nitrogen in the soil-air-water-plant environment. Bacterial 
populations, soil temperature, soil water content, soil aeration, 
and soil pH are some of the factors that govern the transfor- 
mation rates of nitrogen fertilizers to soluble nitrate-nitrogen 
and nitrogen gases. While in reality most of these nitrogen 
transformation processes will occur in a simultaneous and non- 
linear fashion, we consider here only the most important for- 
ward processes, thereby keeping our model as simple as pos- 
sible. Consistent with (7) and (8), nitrogen transformations 
were simulated by means of an apparent first-order decay 
chain in different phases as follows: 

g2 N2 

urea/(NH4)2SO 4 --> NH•- --> NO•- --> NO•- 
Cl ' S1 C2 ' S2 C3 C4 

•-> •-> N20 

where c, s, and # represent concentrations in the liquid, solid, 
and gaseous phases, respectively; straight arrows represent the 
different zero-order (3') and first-order (/x,/x') rate reactions, 
and curved arrows indicate equilibrium distribution coeffi- 
cients between phases. The approach lumps the processes of 
hydrolysis, nitrification, denitrification, volatilization, and plant 
uptake into a set of first- and zero-order reactions, while im- 
mobilization, mineralization, and biological fixation of nitro- 
gen are considered unimportant during the study period. 

Table 5 lists the fertilization schedule at our experimental 
field for 1993-1995. Ammonium sulphate and urea were the 

two most commonly used nitrogen fertilizers. Ammonium sul- 
phate contains •--21% nitrogen by weight and is quite readily 
oxidized to NO•-. Urea, on the other hand, contains 45% 
nitrogen in organic form that first must be converted to am- 
monium before oxidation to nitrate can occur. This process is 
much slower, and hence urea-derived nitrogen will persist in 
the soil profile for much longer periods of time. Moreover, due 
to damage to the winter wheat crop in the fall of 1993, we 
anticipated that most of the urea remained unused at the field 
site until the spring of 1994. 

The above set of flow and transport equations ((1), (8), and 
(9)) were solved using the Galerkin finite element method 
[Simunek and van Genuchten, 1994]. We used upstream 
weighting [Yeh and Tripathi, 1990] and an appropriate combi- 
nation of space and time discretizations to adjust the local 
Peclet numbers and Courant numbers [Perrochet and Berod, 
1993] for reducing undesired oscillations or numerical disper- 
sion during convection-dominated transport. Convection was 
assumed to dominate transport processes during conditions of 
preferential flow following flood irrigation at the field site. For 
the numerical simulations we used a 80 convergence criterion 
[Huang et al., 1996] in conjunction with the "mass conserva- 
tive" modified Picard iteration method [Celia et al., 1990] to 
enable relatively fast and robust convergence of the numerical 
solution. 

3.3. Model Application to the Las Nutrias Field Site 

Two-dimensional numerical simulations were carried out for 

a N-S vertical cross section across the center bench study 
section. The cross section was divided into 9350 nodes and 

9126 quadrilateral elements as shown in Figure 7. On the basis 
of available surface infiltration and hydraulic property data, 
the soil profile was divided into three soil horizons character- 
ized by three sets of field-averaged hydraulic functions. The 
three horizons were discretized into a total of 169 layers for 
numerical simulation purposes. Finer discretizations were used 
near the soil surface, across the horizon interfaces, and around 
the subsurface tile drain to handle relatively large local fluxes 
and pressure gradients in these areas. In addition, we kept our 
maximum vertical discretization relatively small (Az = 1 cm) 
in the upper two horizons (to a depth of 100 cm). This finer 
discretization improved the numerical solutions, in particular, 
when the bimodal hydraulic functions were used. For the sim- 
ulations we used a time-variant evapotranspiration rate assum- 
ing a normalized water uptake distribution across the top 40 
cm of the soil profile in accordance with the approaches of 
Feddes et al. [1978] and Simunek and van Genuchten [1994]. 
Empirical functions [Nielsen and MacDonaM, 1978] for NO•- 
uptake by different crops were used for the simulation. Mea- 
sured resident NO•- concentrations before the 1994 crop grow- 
ing season (i.e., February 1994) at different nodal points and 
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Figure 7. Typical/adapted finite element mesh including system-independent (time-dependent) and system- 
dependent flux/head-type atmospheric boundary, no-flux bottom and hydrologic boundaries, tile drain bound- 
aries, and root water uptake sink for the two-dimensional flow/transport simulation in the vertical cross section 
of the field (study section) at Las Nutrias, New Mexico. The cross section of unit length (in Y direction) is 
assumed to be representative over the 240-m-long study section. Also shown is the step-zoom-in procedure 
adapted to study the capture zone of the tile drain. 

interpolated water table elevation and NO•- concentration 
from the groundwater monitoring wells along the field bound- 
ary were used to define the initial conditions in the two- 
dimensional flow-transport domain •. In a few instances we 
used prior or posterior information to interpolate or extrapo- 
late the data to our simulation starting date. Time-dependent 
boundary conditions, such as intermittent irrigation/precipita- 
tion rates and chemical application rates at atmospheric 
boundary nodes, groundwater head values along hydrologic 
boundary nodes, and no-flow conditions along impermeable 
bottom boundary nodes, were invoked. We simplified the two 
hydrologic boundaries (F•,r) and F]•c, Figure 7) by assuming 
them to be impermeable (i.e., no regional flow contributions) 
during short-term irrigation-event-based simulations. The tile 
drain at the center of the study section was treated as a bound- 
ary node surrounded by four regular square elements with 
adjusted hydraulic conductivities using the electric analog ap- 
proach of Vimoke et al. [1963] and Fipps [1986]. Mathematical 
details of the initial and boundary conditions for water flow at 
the field site are given by Mohanty et al. [1997]. 

For the long-term year-long simulation, we invoked an initial 
time step of one day with a starting date of March 1, 1994, 

which coincided with our first soil sampling campaign at the 
Las Nutrias field site. As initial conditions we assumed the 

observed resident concentration for NO•- (C1994), and zero 
concentrations for the other nitrogen species for all finite ele- 
ment nodes in the simulation domain •. For the short-term 

irrigation-event based simulations, we adopted 0.1-hour initial 
time steps and used the predicted soil water pressure heads 
and resident solute concentration (ck(x, z)) levels at prespeci- 
fled times from the long-term simulation as initial conditions. 
Given the specific field-hydrologic set-up and results of our 
experiment, this approach was found to be the best available 
option considering our objective of short-term high-frequency 
preferential flow predictions in the tile drain following flood 
irrigation. 

Nitrogen fertilizer concentration of the irrigation/precipita- 
tion water was input as a Cauchy boundary condition across 
the top (soil-atmosphere) boundary, F•u•, of the flow-transport 
domain: 

OCk Dg 
-OO,j • n, + q,n,ck = q,n,CO,k + •- (kgCk - gatm) (10) 

(x,z) GF^B k= i'-'K tGt•ux 
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Table 6a. Field-Averaged Parameters of Bimodal Piecewise-Continuous and Unimodal van Genuchten-Mualem Hydraulic 
Functions for Different Soil Horizons at the Field Site near Las Nutrias, New Mexico 

ß 

Bimodal PiecewiSe-Continuous Hydraulic Functions 

Depth, C(2•,i = 1), ( Or i= 1), ( a) (K* ), (h * ), (•), cm ... cm- 3 cm 3' cm- 3 cm-'• ( n ) cm/s cm cm- 1 
0-40 0.475 0.110 0.015 1.60 5.55E - 04 3 0.92 

40-100 0.459 0.050 0.021 1.40 4.16E- 04 3 0.70 

100-700 0.430 0.090 0.083 2.12 2.73E- 03 0 n/a 

Unimodal van Genuchten-Mualem Hydraulic Functions (High/Low) 

Depth, (Os) , (Or) , (C/), (Ks) , 
cm cm 3 cm -3 cm 3 cm -3 cm -1 (n) cm/s 

0-40 0.484/0.475 0.080/0.120 0.004/0.015 1.44/1.55 4.08E - 03/9.50E - 04 
40-100 0.464/0.459 0.045/0.050 0.010/0.021 1.25/1.38 3.50E - 03/6.80E - 04 

100-700 0.430/0.430 0.090/0.090 0.083/0.083 2.12/2.12 2.73E - 03/2.73E - 03 

From Mohanty et al. [1997]. Read 5.55E-04 as 5.55 x 10 -4. 

where qitli represents the outward fluid flux, n i is the outward 
unit normal vector, c0, k is the concentration of the kth nitro- 
gen species in the incoming fluid [ML- 3], De is the molecular 
diffusion coefficient of nitrogen gas [L 2T-1], d is the thick- 
ness of a stagnant boundary layer on the soil surface account- 
ing for gas diffusion [L] [Jury et al,, 1983], gatm is the nitrogen 
gas concentration in the atmosphere above the stagnant 
boundary layer [ML-3], and other variables are as defined 
earlier. For the impermeable bottom boundary, FeD, and the 
hydrologic boundaries between adjacent tile lines (FB½, F•D), 
when (qirti -- 0), we used a Neumann boundary condition: 

OCk 

OD 0 • n, = 0 (11) 
(x,z) GFcDVFBcVFnD k= 1 -.-K Vt 

Since a major focus of this study was on preferential flow 
that would occur during or relatively soon after flood irriga- 
tion, we limited the short-term simulation time to -100 hours 

Table 6b. Transport Parameters of Different Nitrogen 
Chain Products for Different Soil Horizons at the Field Site 

Chain Depth, Values of the 
Parameter Product cm Parameters 

p, kg/m 3 0-40 1300 
40-100 1200 

100-700 1400 

DL, m 0-700 0.05 
D T, m 0-700 0.01 
D ø', m 2 h -1 0-700 7.1 x 10 -6 
D a, m 2 h- 1 0-700 0.0 
/xo', h- 1 NH•- 0-700 0.0005 
/as, h- 1 NH•- 0-700 0.0005 
/xa, h -1 NH•- 0-700 0.0 
/x'o', h- 1 NH•- 0-700 0.005 
/x'o', h- 1 NO•- 0-700 0.1 
/x'o', h- 1 NO•- 0-700 0.0 
/x's, h- 1 NH•- 0-700 0.005 
•'s, h- 1 NO•- 0-700 0.0 
/x's, h- 1 NO•- 0-700 0.0 

' h -1 NH•- 0-700 0.0 
' h -1 NO•- 0-700 0.0 
' h -1 NO•- 0-700 0.0 

70', h- 1 NO•- 0-700 0.002 

from the start of an irrigation event. Also we adopted 0.1-hour 
(=6 min) initial time steps for our numerical simulations to 
closely follow the 5-min intervals of flow measurements in the 
field. The hydraulic parameters given in Table 6 were mea- 
sured in the field [Mohanty et al., 1997]. The transport param- 
eters for different solutes and soil types (Table 6) used in the 
numerical simulation were estimated from available literature 

[van Genuchten, 1985]. 

4. Simulation Results and Discussion 

We present simulation results for four state variables. Fig- 
ures 8 and 9 show predicted and observed water flow rates and 
NO•- flux concentrations, respectively, in the tile drain for a 
typical irrigation event at the field site. The flow simulations 
were previously described by Mohanty et al. [1997]. In general, 
when the bimodal hydraulic functions were used, model pre- 
dictions and observed data for tile flow matched reasonably 
well in magnitude. However, for different irrigation events, an 
early or delayed (e.g., Figure 8) predicted flow peak relative to 
the measured data was observed [Mohanty et al., 1997]. Fur- 
thermore, zero (westerly) flow was observed for several hours 
(e.g., hours 23 - 59, Figure 8) following every irrigation event. 
Also, observed water table levels in the adjacent monitoring 
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Figure 8. Comparison of predicted and observed tile flows 
following an irrigation event [after Mohanty et al., 1997]. 
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wells and piezometers (not shown here) during and following a 
flood irrigation event revealed certain variations in the ground- 
water flow fields near the manholes warranting further inves- 
tigation. We will discuss possible reasons for this unusual flow- 
transport behavior at our field site in the following sections. 

Many earlier tile drainage studies neglected, for simplicity, 
the effects of a regional groundwater table gradient on the tile 
flow calculations. Tod and Grismer [1996] and Singh and Kan- 
war [1995a, b] indicated that the topographic and regional 
hydrologic conditions could well be a significant factor deter- 
mining tile flow behavior. To investigate the significance of a 
regional ground water table gradient (at the field or bench 
scale), we analyzed data from two different dates with con- 
trasting irrigation sequencing: the east-center-west bench (as 
defined in Table 1), August 24, 1995 (Figure 10a), and the 
west-center-east bench, September 7, 1995 (Figure 10b). Sev- 
eral factors (as shown in Figure 11) may contribute to the flow 
rate in the tile drain at a given time including factor a, the 
degree of submergence of the underdesigned tile drain below 
the water table (similar to observations by Khan and Rushton 
[1996b]); factor b, a regional (field-scale) groundwater table 
gradient across the three benches; factor c, a local groundwater 
table gradient immediately adjacent to the drain; and factor d, 
a bench-scale groundwater table gradient across the neighbor- 
ing benches. 

In a normal day between consecutive irrigation events, 
groundwater table showed a general northeast to approxi- 
mately southwest gradient across the entire field and a local 
east to approximately west gradient near our study section 
(e.g., Figure lib). Figure 10a shows that as water infiltrated 
during and following flooding of the east bench, the east tile 
drain became more submerged (factor a) and the east-to- 
center bench groundwater table gradient increased (factor d), 
thus increasing flow through both the east and west manholes. 
Apparently, this also resulted in a slight net loss of flow from 
the center bench due to the decreased local water table gradi- 
ent there (factor c). Net center bench flow rates were deter- 
mined simply by subtracting the flow measured in the east 
manhole from the flow measured in the west manhole. After- 

ward, subsequent to flooding and infiltration in the center 
bench, net flow rates increased for the same reasons as during 
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Figure 9. Comparison of predicted and observed tile flux 
NO•- concentrations following the irrigation event on June 8, 
1994, at the field site. Time 0 hour matches the midnight prior 
to the irrigation. 
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Figure 10. Typical tile flow behavior at the field site follow- 
ing (a) an east-center-west and (b) a west-center-east irrigation 
sequence. Vertical dashed lines represent irrigation starting 
times for the respective benches. Positive values indicate west- 
erly flow. Occasional easterly flow are shown as zero flow. 

flooding of east bench. However, flow rates from the east 
bench decreased as the east-to-center bench groundwater table 
gradient decreased (factor d). Eventually, flow rates from the 
east bench decreased to unmeasurable rates, and temporarily 
stagnated or even reversed direction (i.e., flow occurred from 
center to east bench). One-way valve of our flow meter could 
not register the amount of reverse flow thus simply indicating 
zero westerly flow. Subsequent to flooding and infiltration on 
the west bench, the center-to-west bench water table gradient 
was reduced (factor d), and net flow rates from the center 
bench declined rapidly to unmeasurable rates, which again 
stagnated or reversed direction (i.e., flow occurred from west 
to center bench). Unmeasurable flow rates in both the man- 
holes persisted for a period of time until the east-to-west gra- 
dient (factor b) in the drain recovered sufficiently to establish 
measurable westerly flow rates. 

For the west-to-east irrigation sequence (Figure 10b), fol- 
lowing flooding and infiltration in the west bench, flow rates 
from the center and later the east bench rapidly stagnated or 
temporarily reversed because of west-east groundwater table 
gradient (factor b). Westerly flow was reestablished following 
flooding of the center and east benches. The observed peaks in 
the net center bench flow rate following the irrigation event are 
due to the recovery of measurable flow rates in the west man- 
hole prior to their recovery in the east manhole. These findings 
suggest that tile flow and conservative (convection-dominated) 
solute transport in this field perhaps should have been better 
interpreted and modeled by means of a three-dimensional 
model that considers regional water and chemical management 
schemes (e.g., irrigation sequencing and fertilizer scheduling in 
neighboring benches) rather than the simplified two-dimen- 
sional approach used here for flow and transport to a tile drain. 

Observed and predicted NO•- flux concentrations in the tile 
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Figure 11. Factors contributing to transient tile flow- 
transport at our field site including (a) degree of submergence 
of the tile drain, (b) regional groundwater table gradient (e.g., 
groundwater table contour determined from 34 monitoring 
wells along the experimental field boundary on May 30, 1995), 
(c) local groundwater table gradient adjacent to the tile drain, 
and (d) bench-scale groundwater table gradient based on irri- 
gation sequence of different field benches (e.g., west bench 
irrigation prior to center or east bench irrigation). 

drain showed far better agreement when the bimodal hydraulic 
functions were used as compared to the unimodal van Genu- 
chten-Mualem hydraulic functions (Figure 9). The most strik- 
ing feature of Figure 9 is the presence of three peaks in the 
observed nitrate data. We believe that the peak concentration 
(-12 mg/L at hour 18) for this east-to-west irrigation event 
depicts field-scale preferential transport, while the peak (-9 
mg/L at hour 60) is likely an artifact of the irrigation sequence 
and reverse flow as discussed in section 3. A smaller peak (-5 
mg/L at hour 12) in NO•- concentration within -3-4 hours 
from the start of the irrigation event likely occurred through a 
narrow zone above the tile drain, possibly because of soil 
disturbance during tile installation. Our piecewise-continuous 
hydraulic functions, however, could not fully distinguish be- 
tween the three fast-flow regimes because of their lumped 
(continuum) nature. Moreover, following an irrigation event, 
simulated and observed NO•- flux concentration in the tile flow 
showed discrepancies of different degrees with time because of 
the same reasons of irrigation sequence and timing as for water 
flow. Piezometer NO•- concentrations (Figure 2) were some- 
what over predicted by the model. In general, using the uni- 

modal or bimodal hydraulic functions, the model predicts 2-3 
times higher concentrations than the observed values. This 
result may be due to the assumption of impermeable hydro- 
logic boundaries which neglect any mixing, dilution, and trans- 
port toward or from adjacent sites. Besides, uncertainties as- 
sociated with the transport parameters of nitrogen species and 
other unrepresented nitrogen transformation processes may 
also contribute to these discrepancies. 

Figure 12 shows predicted and measured field-averaged res- 
ident NO•- concentrations in the soil profile for the long-term 
simulation. Predicted field-averaged resident NO•- concentra- 
tions in the soil profile compared well to the corresponding 
field measured values. The model predictions were better for 
the shallow depths than for the deeper depths. We suggest that 
changes in the groundwater flow fields, as described earlier, 
may have been partly responsible for this depth-dependent 
behavior of resident NO•- concentration. 

To verify the contribution of groundwater flow fields to the 
observed discrepancies in flux and resident NO•- concentra- 
tions, as well as in the tile flow volume, we conducted a step- 
zoom-in analyses for determining the tile drain capture zone 
during (preferential) peak and other peak flow periods. Also in 
a somewhat similar study in Indiana, Kladivko et al. [1991] 
found evidence of preferential flow to the tile drain originating 
in its close proximity. Keeping these findings in perspective, the 
step-zoom-in procedure was adopted by reducing the flow do- 
main width in discrete steps, as shown in Figure 7. In each step, 
the flow domain was shrunk by approximately one half on both 
sides of the tile drain and the hydrologic boundaries between 
consecutive tile drains were assumed to match the modified 

flow transport domain boundaries. Hence hydrologic bound- 
aries between consecutive tile drains spanned a finite length 
recharging to shallow groundwater that did not converge to 
any local tile drain (i.e., followed the regional groundwater 
flow path). For the step-zoom-in procedure we kept the depth 

Resident Nitrate Concentration (mg/I) 

CO O0 CO O0 
0 0 0 0 

g • • O•s--•-•e•, ]•-• 
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-.I-.- Predictedl 1995 

Figure 12. Comparison of predicted and observed (1995) 
field-averaged profile resident NO•- concentrations during the 
long-term simulation. Measured 1994 data were used as initial 
condition. Predictions (results) use bimodal hydraulic func- 
tions only. 
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Figure 13. Comparison of tile flux NO•- concentrations for 
different effective capture lengths of the tile drain. The test 
case is for the irrigation event on June 8, 1994, at the field site. 

of the flow domain constant (i.e., 7 m, up to the impermeable 
layer). This procedure resulted in five simulation runs with the 
flow domain width decreasing from 76 m up to 3.5 m. 

By zooming in, flow fields gradually changed from three- 
dimensional (composite effect of local vertical seepage and 
regional groundwater flow) to two-dimensional local flow in 
close proximity of the tile drain (i.e., flow domain width of 
3.5 m). Predicted tile flow NO•- flux concentration using the 
five selected domain widths (for June 8, 1994, east-center-west 
irrigation event) are presented in Figure 13. Apparently, a 
decrease in domain width to 3.5 m leads to somewhat better 

matches of the short-term model predictions to the observed 
nitrate concentration data in the tile drain at initial times (i.e., 
between hours 15 and 25). This finding suggests that during 
and immediately after an irrigation or heavy rainfall event, the 
tile drain located at 1.2-m depth at the field site is able to catch 
the flow and soluble NO•- from a narrow region adjacent to the 
tile drain. Assuming a somewhat similar mixing layer concept 
as used by Shalit and Steenhuis [1996], water during irrigation 
short-circuited horizontally from the irrigation ports via a net- 
work of surface-opened (shallow) cracks toward the tile drain 
and then infiltrated through the (disturbed) soil zone above the 
tile drains. Any chemical transported beyond this effective 
capture zone reached the groundwater table through some 
other pathways and eventually may or may not have reached 
the tile drains since nitrate reaching groundwater will undergo 
some denitrification by converting to N2, N20, NO, and NO 2 
under conditions of reduced oxygen supply. 

Measured NO•- flux concentrations following the irrigation 
water application (between hours 25 and 40, Figure 13) 
matched reasonably well with the model prediction when using 
the full flow domain width of the tile drain (i.e., 76 m). In other 
words, during this period the total field width started contrib- 
uting to the tile flow. Between hours 40 and 60 a dip in the tile 
flow NO•- concentration data reflects the typical reduced/ 
reverse flow process during the east-center-west irrigation se- 
quence as described earlier. In Figure 13, underpredictions 
and overpredictions in nitrate flux concentration beyond hour 
60 are suggested to be associated with unrepresented nitrogen 
transport/transformation processes. Similar trends for tile flow 
NO•- concentrations and their match with model predictions 
were found for other irrigation events (not further shown 

here), although peaks gradually reduced over time reflecting 
depletion (Figure 3). 

The above findings relating to reduced/reverse flow also 
qualitatively agree with observations near the manholes and 
adjacent piezometric levels that the tile drain remained sub- 
merged during wet seasons. One of the reasons for this behav- 
ior is likely an underdesigned tile drain. In addition, the ob- 
served three-dimensional flow at the site as caused by the 
sequence and timing of irrigation of the three field benches 
(west to east or east to west) governed the field-scale hydrology 
and solute transport to the tile drain, resulting in some tem- 
poral shifts in the model predictions. Regional groundwater 
gradients in our two-dimensional flow-transport model were 
represented by monthly head values (for long-term simula- 
tions) at hydrologic divides across the study section. Boundary 
conditions of this type were found to be too crude to catch the 
effect of field-scale hydrology on tile flow following any short- 
term flood irrigation event. Hence, on the basis of our field- 
monitoring program, our mathematical modeling, and our data 
analyses, we infer that tile drains do not necessarily provide a 
good integrated representation of field-scale flow/transport be- 
havior, in particular when the tiles are underdesigned and/or 
the hydrology at the field site is three-dimensional. Regional 
hydrology may also be a significant factor, in addition to the 
local hydrology. However, tile drains still should be useful for 
catching preferential flow phenomena from areas close to the 
drains, following any heavy water input event. We conclude 
that the proposed model based on CHAIN_2D and using 
piecewise-continuous hydraulic functions appears to be an ap- 
propriate tool for making flow-transport prediction in tile- 
drained fields. 
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