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Water and Solute Transport in a Cultivated Silt Loam Soil: 2. Numerical Analysis

Y. Coquet,* J. Siminek, C. Coutadeur, M. Th. van Genuchten, V. Pot, and J. Roger-Estrade

ABSTRACT

A field experiment was performed to study the effects of soil struc-
ture heterogeneity generated by farming practices (i.e., compaction
by wheel traffic, plowing, surface tillage) on plot-scale water flow and
solute transport. The experiment involved a 4 by 2 m’ field plot that
was uniformly sprinkle irrigated with water and bromide for about
6 h. Independently measured soil hydraulic functions were used to
simulate the experiment with a numerical flow and transport model
(HYDRUS-2D) using a fully deterministic approach for describing soil
heterogeneity. The numerical model reproduced observed flow and
transport processes only after adjustments were made to the soil hy-
draulic functions. Adjustments were needed to account for increased
flow and transport into and through the soil between the compacted zones
below the wheel tracks, and to predict double concentration peaks
caused by the umbrella (or shadow) effects of compacted soil clods.
Global optimization of the soil hydraulic parameters produced a satis-
factory description of the very heterogeneous flow patterns, with the
resulting hydraulic parameters showing only limited correlation among
each other. We demonstrate that double-peak concentration profiles
can result from the presence of tillage-induced soil heterogeneities.

I IETEROGENEITY in vadose zone flow and transport

properties is usually modeled using either sto-
chastic or deterministic approaches. In the stochastic ap-
proach, either a set of stochastic equations is formulated
and solved for a particular problem (e.g., Yeh et al.,
1985; Mantoglou and Gelhar, 1987) or the governing
deterministic equations are solved for the transport do-
main using randomly distributed soil properties (e.g.,
Rothetal., 1991; Feyen et al., 1998). The latter approach
uses random generators that produce stochastic fields
of either the hydraulic properties, or linear scaling fac-
tors with certain statistical properties such as a mean,
variance, and correlation length (Destouni, 1992; Roth
and Hammel, 1996; Vanderborght et al., 1997; Hammel
et al., 1999).

By contrast, a process-based deterministic approach
assumes that soil heterogeneity in space is precisely
known, and that the soil properties within the transport
domain can be specified exactly at each location. This
may be done by describing successive layers within a
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soil profile based on pedological investigations (Snow
et al., 1994; Hammel et al., 1999; Vanderborght et al.,
2001) and assuming that each soil horizon has its own
soil hydraulic parameters. It is then generally assumed
that the soil horizons are horizontally homogeneous and
that any heterogeneity within the horizon can be ne-
glected. Previous studies, however, have shown that in-
dividual soil horizons can also be highly heterogeneous
(e.g., Mallants et al., 1996, 1997). In the case of the upper
tilled layer of an agricultural soil, such heterogeneities
can be affected significantly, and explained deterministi-
cally, by the invoked tillage practices (Manichon, 1982;
Roger-Estrade et al., 2000).

Several investigations have shown that the soil hy-
draulic properties are strongly affected by tillage prac-
tices (Logsdon et al., 1993; Azevedo et al., 1998; Coutadeur
et al., 2002). Such practices can generate heterogeneities
within the soil in both the horizontal and vertical direc-
tions, and may produce various compacted and noncom-
pacted zones and clods (Manichon and Roger-Estrade,
1990). The compacted zones within a tilled layer generally
have a much lower hydraulic conductivity than noncom-
pacted zones (Meek et al., 1989; Ankeny et al., 1990).

This paper reports results of a numerical analysis of a
detailed field experiment designed to evaluate the ef-
fects of tillage on water and solute transport dynamics
in an agricultural field. Experimental details of the field
study are given in Part 1 of this two-part series (Coquet
et al., 2005). In this paper, hydraulic properties of the
various structural components of a tilled silt loam will
be analyzed. The properties were measured in situ with
a tension disc infiltrometer (Coutadeur et al., 2002), as
well as using a variety of laboratory methods, including
Wind’s evaporation method, a constant head method,
and the pressure-plate method. These independently
determined soil hydraulic properties were subsequently
used in HYDRUS-2D (Simiinek et al., 1999) to deter-
ministically simulate the infiltration of water and bro-
mide (Br™) into the tilled soil. The approach assumes ex-
plicit knowledge of the geometry (i.e., size and shape)
and location of the compacted zones within the soil
profile. By comparing field-measured and numerically
predicted water contents, pressure heads, and tracer
concentrations, we will determine whether one can use
a standard numerical model in combination with field
characterization of the heterogeneities involved, includ-
ing their hydraulic properties, to successfully describe
flow and transport at the plot scale.

MATERIALS AND METHODS
Description of the Tilled Soil

The soil was a Calcic Cambisol (FAO classification) in
an agricultural field at the Institut National de la Recherche

Abbreviations: TDR, time domain reflectometry.
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Fig. 1. Soil profile perpendicular to the tillage direction showing the different structural components of the plow layer (the untilled soil does
not appear on the photo). Compacted zones are delineated by solid white lines. Also shown in (a) are locations of the TDR probes (circles)
and tensiometers (squares), while (b) shows the spatial distribution of the different soil structure types used in the HYDRUS-2D model.

Agronomique (INRA) Experimental Station at Grignon (Yve-
lines, France). The field had been plowed in November 2000,
and harrowed in May 2001 to a depth of 15 cm using a 3-m
wide rotary harrow to prepare a seed bed for maize (Zea mays
L.). The structure of the soil was described according to a
method proposed by Manichon (1982) based on observations
of the face of a vertical trench, 70 cm deep and 3.1 m wide,
perpendicular to the tillage direction (Fig. 1a). First, several
vertical soil compartments were identified from top to bottom:
the seed bed, the plow layer undisturbed by surface tillage, and
the unplowed subsurface. Next, lateral compartments were
recognized according to the location of the wheel tracks below
which the soil was compacted. The structure of the soil com-
partment corresponding to the plow layer between the wheel
tracks was further divided into compacted clods (delineated
by white lines in Fig. 1a), called A clods (Manichon, 1982),
and the remaining soil having a macroporous noncompacted
structure, called I structure. According to Manichon (1982),
these two types of structure may be characterized as follows:

e A structure, corresponding to soil with no structural po-
rosity, and having smoothly breaking faces. This type of
soil structure is created by compaction under the wheel
tracks of tractors or other heavy farm machinery. This
A structure is also characteristic of clods located in the
plow layer between the wheel tracks. Such A clods were
created by plowing of compacted soil formed under wheel
tracks the previous years.

e ['structure, resulting from the coalescence of macroporous

aggregates or clods, with structural porosity clearly visible
to the eye.

In the following, we will use the term “structure type” to
refer to either the structure of entire compartments that have
a homogeneous structure (e.g., the seed bed, or deeper soil
layer unaffected by tillage), or to the structure of single clods
(A or I') within heterogeneous compartments (e.g., the com-
pacted clods within the plow layer between the wheel tracks).
Additional details about the soil and its structure can be found
in Coquet et al. (2005).

Measurements of the Soil Hydraulic Properties

Water contents (6) and hydraulic conductivities (K) as a
function of the pressure head (k) were determined for each
soil structure type: the seed bed, the compacted A soil in the
plow layer below the wheel tracks, the macroporous I” soil in
the plow layer between the wheel tracks, compacted A clods
in the plow layer between the wheel tracks, and the untilled
soil. A range of field and laboratory methods were used for
this purpose as explained below.

The hydraulic conductivity of the soil at —10, —5, —3, =2,
and 0 cm had previously been measured in the field using a
tension disc infiltrometer (Coutadeur et al., 2002). One to 18
replicate measurements per pressure head were performed
for each structure type to account for spatial variability. This
difference in the number of replicates was due to the fact that
the volume of soil of each structure type available for the mea-
surements was quite variable. For example, few well-defined
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A clods could be identified in the plow layer between the
wheel tracks in 1999 when the infiltrometer measurements
were performed (Coutadeur et al., 2002).

In May 2000, the year before the field experiment took
place, the seed bed, the untilled soil, the macroporous plowed
soil (I" structure), and the plow layer compacted by the wheel
tracks (A structure) were sampled immediately after surface
tillage by collecting large cylinders (15 cm diam., 7 cm height),
as well as large blocks (=1 dm?). The cylinders were collected
by manually pushing and/or hammering stainless steel sleeves
into the soil and then extracting them by removing soil from
around the cylinders. The blocks were removed manually
while using a knife to separate the blocks from the surrounding
soil. One of the large cylinders was used to measure the satu-
rated hydraulic conductivity (K;) of each soil structure type
in the laboratory using the upward constant-head method
(Klute and Dirksen, 1986). The other cores, one per soil struc-
ture type, were used to simultaneously measure 6(k) and K(h)
using Wind’s evaporation method (Wind, 1968; Tamari et al.,
1993; Bertuzzi et al., 1999). Finally, water retention values
were measured using Richards pressure plates (Klute, 1986)
at —1000, —3300, —10 000, and —15 000 cm on relatively small
clods (=5 cm®) extracted from the larger blocks.

Field Experiment

The field experiment is described in detail in Part 1 of this
study (Coquet et al., 2005). After having been covered by plas-
tic sheets for more than 2 wk, a 4 by 2 m? area was uniformly
sprinkle irrigated with tap water for 4.33 h at an intensity of
2.1cmh™ L The longer dimension of the plot was perpendicular
to the path of the tractor pulling the harrow for seed bed
preparation. The plot contained one entire spatial unit of the
periodic soil structural pattern created by tillage, and hence
comprised one passage of the tractor pulling the harrow. Thirty
time domain reflectometry (TDR) probes (20 cm long) and
30 mini-tensiometers (2 cm long, 0.6 cm outside diam.) were
installed to monitor the soil water dynamics within the tilled
soil (Fig. 1a). However, only 29 TDR probes and 22 tensiome-
ters were found to give reliable results (Coquet et al., 2005).
After quasi-steady state infiltration was reached in the seed
bed and the plow layer (as reflected by the TDR probes and
tensiometers not showing further changes in the water con-
tents and pressure heads), a potassium bromide (KBr) solution
of 850 mg Br~ L™! was applied for 2 h at a rainfall intensity
of 2.6 cm h™!. The structure of the seed bed was stable and
no surface sealing or local water ponding or run-off occurred
throughout the experiment. After infiltration, the surface was
covered with plastic sheet to allow water to redistribute within
the soil. Twelve hours after the end of the tracer experiment,
small core samples (4 cm diam., 2 cm height) were taken from
the face of a trench, 3 m wide and 0.66 m deep, and analyzed
for Br~ (Coquet et al., 2005).

Numerical Modeling
Governing Flow/Transport Equations

The field experiment was simulated using the HYDRUS-2D
software package (Simtinek et al., 1999) that numerically pre-
dicts two-dimensional water flow and solute transport in vari-
ably saturated porous media. The program numerically solves
the Richards equation

® _ a[K(K{,-‘ah + KA)] 1]
ar  ox; ax;

for saturated-unsaturated water flow and the Fickian-based
advection-dispersion equation

d0c J dc Jq.c

Me_ 2 [op, 2| - e 2]

Jat ox; ax; ox;
for solute tracer transport. In Eq. [1] and [2] 6 is the volumetric
water content (L* L™?), & is the pressure head (L), x; (i = 1,2)
are the spatial coordinates (L), ¢ is time (T), K} are compo-
nents of a dimensionless anisotropy tensor (K*) in the two
main spatial directions, K is the unsaturated hydraulic con-
ductivity function (L T 1), ¢ is the solute concentration in the
liquid phase (M L7?), g, is the ith component of the volumetric
flux density (L T™'), and D;; are the components of the dis-
persion coefficient tensor (L* T ') for the liquid phase. The
above governing equations were solved with HYDRUS-2D
using Galerkin type linear finite elements applied to an un-
structured mesh involving a network of triangular elements
with irregular geometries (Simtnek et al., 1999).

The unsaturated soil hydraulic properties in this study were
described using van Genuchten (1980) type analytical func-
tions that involve the statistical pore-size distribution model
of Mualem (1976) to obtain a predictive equation for the
unsaturated hydraulic conductivity function in terms of soil
water retention parameters:

[1 + |an]"]" 3]

0, +
b(h) =
0 h=0

K(h) = kSI1 — (1 = Sty [4]

in which 6, and 6, denote the residual (r) and saturated (s)
water content (L3 L73), respectively, K, is the saturated hydrau-
lic conductivity (L T™'), « (L) and n are shape parameters,
m =1 — 1/n, S, is effective saturation, and / is a pore-con-
nectivity parameter estimated to be about 0.5 as an average
for many soils (Mualem, 1976). A modified van Genuchten
(1980) model with an air-entry value of —2 cm (Vogel et al.,
2001) was used in all simulations. This model implements a
very minor change in the shape of the water retention curve
near saturation, but significantly affects and improves predic-
tions of the hydraulic conductivity function, especially for fine-
textured soils with small n values (Vogel et al., 2001).

The longitudinal dispersivity for all simulations was assumed
to be equal to 5 cm, the transverse dispersivity was taken to
be one-tenth of the longitudinal dispersivity, and the molecular
diffusion coefficient 0.0675 cm?> h~!. The value for the longitu-
dinal dispersivity is consistent with dispersivities typically
found for field transport studies (e.g., Jury et al., 1991; Warrick,
2003), as well as with observations (e.g., Anderson, 1984)
indicating that the longitudinal dispersivities generally are
about one-tenth of the spatial scale (or distance) of a transport
experiment. Few vadose zone field studies exist where detailed
measurements of both the longitudinal and transverse dis-
persivities have been made; their ratio is generally assumed
to be about 10, with values typically ranging between about
6 and 20 (e.g., Fetter, 1979).

b, — 6 h<0

Transport Domain

Water flow and solute transport were simulated for a rectan-
gular transport domain, 300 cm wide and 100 cm deep, perpen-
dicular to the path of the tractor pulling the harrow. This
transport domain may be regarded as the basic spatial unit of
a periodic pattern created by tillage and being repeated over
the field. The plow layer between the wheel tracks was cen-
tered in the middle of the transport domain (Fig. 1b). We used
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an unstructured triangular mesh with 16 145 elements to spa-
tially discretize the transport domain. Triangular elements of
smaller sizes were generated closer to the soil surface and in
the plow layer than near the bottom of the soil profile. The
average size (i.e., the length of the longest side of a triangle)
of elements close to the soil surface was about 1.3 cm, and
about 4 cm at or near the bottom of the profile.

Material Distribution

The soil was characterized in terms of four different materi-
als that corresponded to the four soil structure types: the
seed bed, the I'-structured soil, the compacted A-unstructured
material, and the nontilled subsoil (Manichon, 1982; Coquet
et al., 2005). These materials were distributed in accordance
with field observation (Fig. 1): a 14-cm-thick seed bed overlay-
ing a 16-cm-thick plow layer and a nontilled subsoil below
30 cm. While both the seed bed and the subsoil were assumed
to be homogeneous horizontally, the plow layer was extremely
heterogeneous. Two 80-cm wide compartments of compacted
A soil were located below the wheel tracks between depths
of 14 and 28 cm on both sides of the transport domain. Soil
between the wheel tracks consisted of a mixture of compacted
A clods and macroporous I'-structured soil, whose exact loca-
tions were based on visual inspection of the soil trenches. The
continuous A zones were created by compaction under the
wheels of the tractor pulling the harrow. The A clods between
those wheel tracks resulted from compacted soil under previ-
ous wheel tracks that had been cut and displaced by plowing
(Roger-Estrade et al., 2000). The A zones under the wheel
tracks and the older A clods between the wheel tracks were
assumed to have identical hydraulic properties (Coutadeur
et al., 2002) and hence were modeled using HYDRUS-2D as
a single material.

Initial Conditions

HYDRUS-2D allows initial conditions to be specified either
in terms of pressure heads or water contents. While water con-
tents were expected to vary significantly in the soil profile due
to spatial heterogeneity, pressure heads should be relatively
uniform since the soil profile was covered for a substantial
length of time with plastic sheet before initiating the infiltra-
tion experiment. Although measured pressure heads de-
creased somewhat toward the soil surface, presumably because
of limited evaporation through the plastic cover (Coquet et al.,
2005), pressure heads were nearly constant in the horizontal
direction in most or all parts of the soil profile. Minor differ-
ences in the initial pressure head between tensiometers located
at approximately the same depth within the seed bed were
probably due to some wetting by local condensation below
the plastic sheet used to cover the soil before infiltration.

Initial conditions were obtained by averaging measured
initial pressure head values from tensiometers located at ap-
proximately the same depths (£5 cm). Pressure heads at the
bottom of the soil profile were set to a value of —225 cm,
which was the average value recorded by the tensiometers in
the untilled soil before infiltration (Fig. 5 in Coquet et al.,
2005). This value was kept constant throughout the untilled
subsoil. Pressure heads were assumed to decrease linearly
from the top of the untilled subsoil toward the soil surface
where they reached a value of —500 cm. The initial Br ~ con-
centration in the solute transport model was set to zero.

Boundary Conditions

The upper boundary condition for water flow corresponded
to a variable flux. The water flux varied from 2.1 cm h~! during

the first 4.33 h when water without any solute was sprayed
over the soil surface, to 2.6 cm h™! for the next 2 h during
Br~ application at a concentration of 850 mg L™!, and then
to a zero flux for the remainder of the experiment until about
1000 h. A free drainage (zero pressure head gradient) bound-
ary condition was implemented at the bottom of the soil profile
and no flow boundary conditions along both sides. The free
drainage condition at the bottom of the transport domain was
consistent with the initial soil moisture status of the untilled
bottom layer, while the zero flux conditions along the sides
reflected symmetry in the transport domain (which consisted
of a basic unit that was repeated laterally). A third-type bound-
ary condition for solute transport was applied to the soil sur-
face, using a zero input concentration during the initial 4.33 h,
and a concentration of 850 mg L' during the following 2 h.

RESULTS AND DISCUSSION
Hydraulic Properties of the Tilled Soil

Slightly different hydraulic properties were found for
the four soil structure types (i.e., the seed bed, the com-
pacted A soil, the noncompacted I soil, and the untilled
soil). Measured soil water retention [6(% )] and hydraulic
conductivity [K(h)] relationships are given in Fig. 2,
together with the Mualem—van Genuchten functions fit-
ted simultaneously to the retention and conductivity
data using the RETC code (van Genuchten et al., 1991).
Soil hydraulic parameters are given in Table 1. R? values
were 0.995, 0.958, 0.988, and 0.985, for the seed bed, the
I" soil, the A soil and the untilled soil, respectively. The
main differences between the four structure types are
a higher near-saturated hydraulic conductivity for the
seed bed than for the I'-structured soil and the untilled
soil, and a lower near-saturated hydraulic conductivity
for the A-structured soil.

The agreement between the tension infiltrometer
data and the Wind data was reasonable for K, except for
the compacted A soil (Fig. 2¢, bottom). Infiltrometer mea-
surements for the A soil were performed in the upper
part of the compacted soil below the wheel tracks. The
presence of several small shrinkage cracks in this zone
(Coutadeur et al., 2002) may explain the somewhat higher
hydraulic conductivity values measured with the tension
infiltrometer as compared with Wind’s method. The K|
values measured with the constant head method in the
laboratory and using tension infiltrometry in the field
were very similar. Water retention data in the dry range
measured using Wind’s method generally did not closely
match the measurements on small clods using pressure
plates, except for the seed bed (Fig. 2).

Numerical Analysis Using Independently
Measured Hydraulic Properties

Water Flow

The infiltration experiment was first simulated using
the soil hydraulic parameters determined independently
from the field experiment (Table 1). Figures 3 and 4
compare measured and simulated water contents and
pressure heads, respectively. Because of the manner in
which the TDR probes and tensiometers were installed
into the face of the transect (Coquet et al.,2005), some un-
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Fig. 2. Soil water retention, 0 (7) (top) and unsaturated hydraulic conductivity, K(%) (bottom) curves for the four soil structure types: (a) seed
bed, (b) macroporous I structure, (c) compacted A structure, and (d) subsoil as determined using tension infiltrometry (open triangle), Wind’s
evaporation method (open diamond), a constant-head method (open square), and using pressure plates (open circle). Solid curves represent
the fitted Mualem-van Genuchten functions. Measured values for K were plotted on the left axes at log(—h) = —2, where £ is in cm (or hPa).

certainty existed about their exact location in the plow
layer relative to the local structures (A or I'). This was
especially true for the 20-cm-long TDR probes. For ex-
ample, TDR Probe 19 (Fig. 3b) was located at the edge
of a A block next to a zone with high organic matter con-
tent. The soil structure around each probe or tensiome-

ter was determined more precisely when the instruments
were removed.

Although arrival times of the moisture front were rea-
sonably well predicted for all four soil structure types,
absolute values of the water content were significantly
overestimated with the model (Fig. 3). Overestimation
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Table 1. Soil hydraulic parameters fitted to data collected using
tension-disc infiltrometry, a laboratory evaporation method, a
constant-head method, and pressure plates (Fig. 2).

Material 0, 0, « n K,
—m*m?— [ - cm h!
Seed bed 0.06 0.42 0.104 1.18 42.2
I structure 0.00 0.44 0.0752 1.12 244
A structure 0.00 0.40 0.0287 111 4.09
Subsoil 0.06 0.42 0.107 1.14 29.6

was by far the worst for the seed bed where measured
water contents did not exceed 0.3 m* m~3, while pre-
dicted values were close to 0.4 m* m—>. Even the initial
water content, calculated from measured pressure heads
and the corresponding water retention curve for the
seed bed, was significantly larger than the measured ini-
tial water content. During the redistribution phase of the
experiment, the calculated water content of the topsoil
never decreased below 0.2 m® m~3, while the measured
initial water content was only about 0.05 m* m 3. Several
explanations are possible for these significant differ-
ences. One possibility is poor contact between the TDR

probes and the relatively loose soil of the seed bed.
However, since all five replicated TDR measurements
produced similar data (Fig. 3a), we considered this possi-
bility to be either unlikely or not significant. Instead, we
believe that a combination of various factors, including
hysteresis, entrapped air, and soil aggregation, caused
the differences between the data and the model predic-
tions. Soil water hysteresis may have played an important
role. While the evaporation experiment represented a
drying branch, our field experiment followed a wetting
branch. The extent of hysteresis in the seed bed may
have been further enhanced by the strongly aggregated
nature of the seed bed.

Entrapped air may also have played an important role
during the infiltration phase. It is widely accepted (Klute,
1986; van Genuchten et al., 1991; Simiinek et al., 1998)
that field-measured 6, values are generally about 20 to
30% lower than the total porosity, while laboratory val-
ues are usually somewhere between field measurements
and the total porosity. The fact that higher 6, values
were measured in the laboratory as compared with the

0.4
; d
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02 ¥
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"’E 0 o TDRS
£ 05
£ b
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2
m -
= e
%'024 e TDR11 o TDR15 e TDR7 o TDR8
' ©0000 A TDR9 & TDR10
% it g idae B TDR12 -B8-TDR13
S = TDR19 O TDR20 - T0E14
0.1 : — » |
0.5
0.4 _
0.3 ﬁ
e TDR21 e TDR17 o TDR22
0.2 o TDR25 A TDR23 A TDR24
4 TDR26 ®m TDR27 O TDR28
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Fig. 3. Measured (symbols) and simulated (lines) water contents of the four different soil structure types: (a) seed bed, (b) compacted A structure,
(c) untilled subsoil below the wheel tracks, (d) macroporous I structure, and (e) untilled subsoil between the wheel tracks. Vertical grid lines
indicate time period during which bromide was applied with the infiltrating water. Numerical simulations were performed using the independently

estimated soil hydraulic parameter values in Table 1.
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Fig. 4. Measured (symbols) and simulated (lines) pressure heads of the four different soil structure types: (a) seed bed, (b) compacted A structure,
(c) macroporous I' structure, and (d) untilled subsoil. Numerical simulations were performed using the independently estimated soil hydraulic

parameter values in Table 1.

field may have been due to allowing for more time for
equilibration in the laboratory (thus yielding steady state
values with less entrapped and dissolved air), the use
of de-aired water, and/or having had water flow con-
strained one-dimensionally within the soil cylinders. For
example, the soil cylinders used for the measurements
of K(h) and 6(h) with Wind’s method were left for at
least 3 wk to resaturate in the laboratory. Only for long-
term saturated conditions (e.g., groundwater) will the
effective field saturation value approach porosity.
Retention curves determined independently from the
field experiment were compared with those obtained
by relating field-measured water contents and pressure
heads at similar soil depths (Fig. 5). Tensiometers and
TDR probes were heuristically paired based on their
proximity, provided that they belonged to the same soil
structure type. For instance, TDR probe 5 in the seed
bed was paired with Tensiometer 25 rather than Tensi-
ometer 26, which was located closer to TDR 5 (Fig. 1a),
since tensiometer 25 was located at approximately the
same depth as TDR 5. The field-determined retention
curve for the seed bed was shifted in its entirety by
about 0.10 to 0.15 m* m—* toward lower water contents
as compared with the laboratory-based curve used in
the simulations. Water contents deviated far less (only
about 0.03-0.05 m* m?) for the nontilled, A-compacted,
and macroporous I' zones (Fig. 3). Differences between
measured initial and final water contents of the A zones
and clods during infiltration were much smaller than
those predicted using only laboratory parameters. This
again can be explained with Fig. 5, which shows that
measured field water contents of the A clods (Fig. 5c)
decreased little with increasing tension. It seems that

the field A clods were much more compacted than those
used for the laboratory measurements, and hence had
narrower pore-size distributions. It is conceivable that
the compaction was slightly disturbed during sample
collection and transport to the laboratory. Differences be-
tween measured and simulated water contents of the
nontilled and I'-structure soils corresponded closely with
the differences in water contents close to saturation be-
tween the field-constructed retention curves and those
measured independently (Fig. 5). It is, however, impor-
tant to note that data presented in Fig. 5 need to be
interpreted with some caution because of the differ-
ent response times of TDRs and tensiometers (Coquet
et al., 2005).

Interpretation of the tensiometer measurements was
more difficult than of the TDR data. In almost all cases
the model predicted much earlier arrivals of the mois-
ture front than recorded with the tensiometers (Fig. 4).
This suggests that the quantity of water that can be
stored in the seed bed and/or the plow layer during
infiltration (i.e., the difference between the initial water
content before infiltration and the maximum water con-
tent during infiltration) was underestimated with the
model as compared to what actually occurred in the
field. This interpretation is supported by the TDR mea-
surements (Fig. 3), where the simulated change in water
content was much lower than the measured change.
With the exception of the seed bed and the plow layer
between the wheel tracks (Fig. 4a, 4c), most tensiome-
ters recorded slow and much more gradual increases in
the pressure heads over time periods of up to 6 h. This
is not consistent with the water content measurements,
which indicated passage of the moisture front in <1 h.
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Fig. 5. Comparison of retention curves measured in the laboratory using the evaporation method, and field-measured water contents and pressure
heads for four types of soil structures: (a) seed bed, (b) macroporous I structure, (c) compacted A structure, and (d) untilled subsoil. White
squares in (d) are data from an independent internal drainage experiment (Nicole, 2000).

Highly conductive materials such as those described in
this study (with the exception of the A clods), usually
display relatively sharp moisture fronts. The later arriv-
als of the wetting front as recorded by the tensiometers
relative to those recorded by the TDRs and the numeri-
cal model may reflect the different response times of
the tensiometers and TDRs. It seems that the majority
of the tensiometers either did not have sufficient contact
with the surrounding soil or that their response times
were relatively large. A tensiometer connected to a mer-
cury manometer requires water to physically move into
and out of the ceramic cup, thus resulting in a slower
response time than when using a TDR. The soil slurry
added around the tensiometer cups during their installa-
tion may also have slowed flow between the surrounding
undisturbed soil and the cup, leading to what Klute and
Gardner (1962) referred to as soil-limiting tensiometer
response times.

Solute Transport

Numerical calculations produced a relatively uniform
concentration front (Fig. 6 and 7). This was contrary to
the field data, which displayed significantly deeper Br ~
penetration in the area between the two wheel tracks.
Field measurements showed that water and solute could
not easily enter the compacted zones under the wheel
tracks, and that water largely bypassed these two zones

in favor of the more permeable area between the wheel
tracks. The TDR probes in the compacted zones did
not indicate any significant changes in the water content
(Fig. 3b), while also little or no Br~ was measured in
these areas (Fig. 6). Mass balance calculations of the
amount of Br~ recovered from the profile showed sig-
nificant lateral redistribution from the A zones below
the wheel tracks (having an average mass balance recov-
ery of 70%), toward profiles next to or between the
wheel tracks where mass balance recoveries were be-
tween 107 and 118%. These findings are contrary to the
numerical simulations which showed water flow and
solute transport to be mostly vertical in the entire plot.
The numerical results were expected since the K of all
four structure types were larger than the applied irri-
gation fluxes (Table 1). While the K(4) curve of the
A-structured soil was consistently lower than that of
the I'-structured soil for pressure heads above —100 cm
(Fig. 2), this difference was not sufficient to induce
strong contrasts in the water flow and Br~ transport
rates within the soil.

Simulated concentration profiles also showed signifi-
cantly more vertical movement below the wheel tracks
as compared to the measured profiles (Fig. 7a), and did
not reproduce the multiple peaks clearly visible in
Fig. 7b for the area between the wheel tracks. Measured
Br~ penetrated to a depth of only about 15 cm below
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Fig. 6. Contours of measured (a) and calculated (b) bromide concentrations 12 h after irrigation. Simulated values were obtained using the
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independently estimated hydraulic parameter values in Table 1.

the wheel tracks, compared to about 30 cm for the model
simulation. Between the wheel tracks, especially in the
area immediately next to the compacted A bands, up to
100 mg L' of Br~ was measured at a depth of 64 cm.
This was contrary to the model simulation, which did
not show deep Br~ penetration in areas between the
wheel tracks and immediately to the side of the wheel
tracks.

The hydraulic conductivity of the compacted soil needs
to be smaller than the applied irrigation flux in order
for water to seek alternative pathways. A lower conduc-
tivity would lead to higher water contents or even pond-
ing (i.e., perched water) above the compacted A zones,
thus creating horizontal gradients and forcing water and
solutes to move laterally around the compacted zones
into neighboring areas with higher permeabilities. Hav-
ing a lower K, for the A soil than was estimated in 1999
with tension infiltrometry is supported by the fact that
some drying cracks in the A soil were visible before the
tension infiltrometer measurements. It should be noted
that the field tension-infiltrometer measurements, the
laboratory soil hydraulic measurements, and the field

tracer experiment were performed in different (succes-
sive) years from 1999 to 2001. Although performed at
the same time each season (i.e., immediately after seed
bed preparation), and although also the same cropping
and tillage practices had been implemented each year,
it is possible that the soil hydraulic properties were
not completely identical in the 3 yr as exemplified by
changes in the near-saturated hydraulic conductivity of
the compacted A structure.

Adjustment of Soil Hydraulic Properties

The discussion above suggests that the independently
measured hydraulic properties may not have been fully
representative of the in situ flow processes at the site,
and hence that some modifications to the hydraulic pa-
rameters are needed to better describe the measured
water content and Br ~ concentration data. One approach
to obtain more representative values of the soil hydrau-
lic parameters would be to carry out a complete numeri-
cal inversion (Hopmans et al., 2002; Simtnek et al.,
2002) of the field data. This approach is followed here.
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Fig. 7. Measured (symbols) and simulated (lines) bromide concentration profiles at two locations with the shallowest (a) and deepest (b) simulated
solute fronts 12 h after irrigation (x = 78 cm is below the wheel tracks, and x = 190 cm is between the wheel tracks). Simulated values were
obtained using the independently estimated hydraulic parameter values in Table 1.

However, since the complexity of the two-dimensional
problem with four different materials, and the consider-
able heterogeneity within the soil profile, make it diffi-
cult to formulate an inverse problem with a unique so-
lution, we decided to first modify only a few selected
parameters to obtain more suitable initial estimates of
the optimized parameters.

The most important modifications made were those
for the soil hydraulic parameters of the seed bed and
the compacted A structure (Table 2). Soil hydraulic pa-
rameters of the first layer were modified to reflect hys-
teresis of the seed bed and to allow for the much lower
initial water contents that were measured (i.e., 0.05 m®
m* at a pressure head of about —500 cm). The saturated
and residual water contents for this purpose were de-
creased and the parameter n was increased from 1.18 to
1.60 to produce more curvature in the 6(%) relationship.
For reasons discussed previously, the K of the com-
pacted A structure was decreased by one order of magni-
tude to a value smaller than the simulated rainfall rate.
The corrected K, value of the A zones was now much
closer to the value estimated using Wind’s method (0.07

Table 2. Soil hydraulic parameters heuristically adjusted (upper
half) and optimized (lower part) to better describe observed water
content and concentration data.

Material 0, 0, o« n K,

—m'm3— cm ! - cm h!
Adjusted hydraulic parameters

Seed bed 0.02 0.30 0.104 1.60 422

I structure 0.00 0.38 0.0752 1.12 24.4

A structure 0.00 0.39 0.00287 111 0.1

Subsoil 0.06 0.38 0.107 1.14 29.6

Optimized parameters

Seed bed 0.02 0.272 0.0123 1.61 19.44

I' structure 0.00 0.368 0.0491 1.10 83.9

A structure 0.00 0.361 0.00173 1.16 0.112

Subsoil 0.06 0.38 0.107 1.14 29.6

T Not optimized.

cm h™'). The amount of water between a pressure head
of —250 cm and saturation was also adjusted by decreas-
ing the value of « by one order of magnitude. We addi-
tionally decreased the saturated water content of all
four structure types slightly to account for air entrap-
ment and air dissolution in the irrigating water. The fact
that the field 6, was slightly lower than the 6, measured
in the laboratory is supported by the plateau values
reached by the water contents during the infiltration ex-
periment (Fig. 3). The decrease in 6, was kept relatively
small for all soil structure types, except for the seed bed
as discussed earlier. The adjusted parameters that were
found to describe the observed flow and transport data
much better are listed in Table 2.

Inverse Optimizations

In attempts to further improve the predictions, addi-
tional inverse simulations were performed to calibrate
the model against the measured TDR data. Two inverse
simulations with different initial estimates for the opti-
mized parameters were performed. For the first inverse
optimization we used as initial estimates the soil hydrau-
lic parameters determined by fitting the independent
laboratory data (Table 1), while for the second optimiza-
tion we used the heuristically adjusted parameters (Ta-
ble 2). For both optimizations we defined the objective
function, ®, as the sum of the weighted squared devia-
tions between the measured and calculated water con-
tents as follows (Clausnitzer and Hopmans, 1995; Hop-
mans et al., 2002):

P

EEW[O*(xj,z,-,t,-) — B(B,xj,z,-,ti)]2

j=li=1

1

m
0'22’11'
j=1
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Table 3. Values of the objective function, ®, and regression co-
efficients, R?, for direct and inverse simulations. Values of ®
were defined in terms of either the water content, 0, or the
pressure head, h.

Description [ R?

Direct simulation using the soil hydraulic parameters 111 0.30
from Table 1 (P defined in terms of water content)

Direct simulation using the soil hydraulic parameters 1.77 0.11
from Table 1 (® defined in terms of pressure head)

Direct simulation using the adjusted soil hydraulic 0.476  0.74

parameters given in Table 2 (® defined in terms
of water content)

Direct simulation using the adjusted soil hydraulic 1.72 0.12
parameters given in Table 2 (® defined in terms
of pressure head)

Inverse simulation using the soil hydraulic parameters 0.344  0.70
from Table 1 as initial estimates for optimized
parameters (P defined in terms of water content)

Inverse simulation using the adjusted soil hydraulic 0.280 0.74
parameters as initial estimates for optimized
parameters (P defined in terms of water content)

where m is the number of locations with water content
(or pressure head) measurements, #; is the number of
measurements at location j, 8 and 6 are measured and
modeled water contents at location j and time i, 8 is the
set of optimized parameters, and w is a weight associated
with the measured data that causes the objective func-
tion to become the average weighted squared deviation
normalized by the measurement variances o* (Claus-
nitzer and Hopmans, 1995).

The parameters 6, n, o, and K; of the seed bed, the
macroporous I" structure, and the compacted A structure
were optimized simultaneously. We found that the sec-
ond optimization using the heuristically adjusted initial
hydraulic parameter values produced a much lower final
value of the objective function, ® (Table 3). Results for
this optimization are shown in Table 2. Selected statisti-
cal information such as values of the objective function
and the regression coefficients for selected direct and in-
verse simulations are given in Table 3. Values are given
for both the direct and inverse simulations to provide
a measure of the goodness of fit for particular simula-
tions. They show how the various adjustments and cali-
brations improved the description of the experimental
data. Values of the objective function for selected simu-
lations were evaluated separately for the measured
water contents and pressure heads (Table 3).

The data in Table 3 show that while heuristic adjust-
ment of the soil hydraulic parameters produced much
lower values of ® if defined in terms of the water content,
the objective function changed only minimally when de-
fined in terms of the pressure head. The inverse analy-
ses, starting with initial estimates using both the original
and adjusted soil hydraulic parameters, in all cases pro-
duced substantially lower values of the objective func-
tion. Interestingly, little correlation between the opti-
mized parameters was found, with only two values of the
correlation coefficients being larger than 0.60 and all
smaller than 0.8 (data not shown here). Although it is
highly unlikely that, because of the complexity of the
field problem, the calibrated parameters represent unique
solutions of the inverse problem, they did provide a very
good description of the measured water contents.

Water Flow

After calibration of the hydraulic properties, the model
gave much more realistic descriptions of the initial water
contents, the infiltration front arrival times, the maxi-
mum water contents reached in the seed bed during in-
filtration (Fig. 8a), and the water contents throughout
the soil profile during the field experiment. While not al-
ways giving the exact absolute values, the adjusted
model now also closely matched the relatively small
changes in water contents of the A clods between the
beginning and end of the infiltration experiment (Fig.
8b). We assumed that all A clods could be characterized
with the same soil hydraulic properties, and hence did
not attempt to describe the variable compaction status
of individual clods. Simulated water contents for the re-
maining structural types (Fig. 8c through 8¢) were mostly
within the range of measured values and correctly pre-
dicted the arrival of the moisture front.

Solute Transport

The adjusted soil hydraulic properties produced dra-
matically different concentration profiles than the in-
dependently measured values (Fig. 6 and 9). The lower
hydraulic conductivity of the compacted A soil now
caused water and bromide to largely bypass the A zones
below the wheel tracks and to funnel water into areas
between the wheel tracks and around individual A clods.
Figure 9 shows that the simulated concentration map is
now much closer to the measured concentration profile.
Bromide no longer enters the compacted bands under
the wheel tracks, while individual A clods between the
wheel tracks serve as umbrellas (Coquet et al., 2005)
by forcing water and solutes to flow around them, thus
bypassing much of the soil immediately below the A clods.
The umbrella or shadow effects of the A clods now pro-
duces double concentration peaks in many vertical con-
centration profiles, as was observed also in the field
(Fig. 10). Most of the flow and the deepest Br~ pene-
tration depths were observed and simulated in areas
immediately to the sides of the compacted zones below
the wheel tracks (Fig. 9) at horizontal coordinates be-
tween x = 80 and 100 cm and between x = 170 and
200 cm (where x is the abscissa corresponding to the
lateral position within the soil). We found the simulated
Br~ concentration pattern to be very sensitive to the
K, value of the A structure type, but insensitive to the
lateral dispersivity value.

Figure 10 compares measured and simulated vertical
Br~ concentration distributions at several locations in
the transport domain. Since the concentration profiles
below the two (left and right) wheel tracks were very
similar, they were grouped into the same graphs (Fig.
10a and 10k). Numerical simulations for these two areas
did not show much horizontal variation, and closely
matched the measurements. Several vertical profiles be-
tween the wheel tracks showed multiple Br ~ concentra-
tion peaks that were relatively well described with the
model, especially for the verticals at x = 82, 122, 194,
and 210 cm (Fig. 10c, 10f, 10i, and 10j). Bromide con-
centration profiles for other locations (i.e., x = 90, 146,
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Fig. 8. Measured (symbols) and simulated (lines) water contents in the four types of soil structure: (a) seed bed, (b) compacted A structure, (c)
untilled subsoil below the wheel tracks, (d) macroporous I' structure, and (e) untilled subsoil between the wheel tracks. Vertical grid lines
indicate time period during which bromide was applied with the infiltrating water. Simulated values were obtained using the optimized soil

hydraulic parameter values in Table 2.

and 186, Fig. 10d, 10g, and 10h) were less well repro-
duced with the model, although the simulated profiles
qualitatively showed similar features and shapes as the
measured distributions.

Preferential Flow

This study shows that preferential flow of water and
Br ™ can be initiated without ponding at the soil surface.
However, our numerical analysis also indicates that lo-
cally saturated conditions within the soil profile are nec-
essary for lateral flow to develop. These local saturated
or near-saturated conditions occurred above the low-
conductivity A soil structures created by compaction. The
low-conductivity regions were not only located below the
most recent wheel tracks, but also within the plow layer
between the wheel tracks where A clods of various sizes
were present as a result of plowing and related fragmenta-
tion of compacted zones that had formed below former
wheel tracks in previous years.

The abundance and size of the compacted soil zones
can be explicitly related to adopted tillage and cropping
practices (Roger-Estrade et al., 2000), and may vary ac-

cording to the invoked cropping system. The numerical
analyses presented here show that the abundance and
sizes of the compacted zones within tilled soils will deter-
mine the extent of preferential flow. In our example,
the presence of large compacted A zones was sufficient
to move Br ~ down to a depth of 64 cm after only 5.2 cm
of a Br~ solution was added to the soil surface at a
relatively moderate flow rate of 2.6 cm h™'. The more
abundant and the larger the A clods and zones, the more
preferential flow should be expected.

SUMMARY AND CONCLUSIONS

A detailed field experiment was performed to study
the effects of subsurface heterogeneities generated by
farming practices, such as compaction by wheel traffic,
plowing, and superficial tillage, on plot-scale water flow
and solute transport in a silt loam soil. The experiment
involved uniform sprinkler application of water and Br ~
for a period of 6 h over a surface area of 4 by 2 m?. The
soil profile was instrumented with 30 TDR probes and
30 mini-tensiometers to monitor water dynamics within
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Fig. 9. Contours of measured (a) and calculated (b) bromide concentrations 12 h after irrigation. Simulated values were obtained using the
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adjusted hydraulic parameter values in Table 2.

the soil profile. Soil hydraulic properties of the four dif-
ferent structure classes observed in the soil profile were
measured using a combination of field and laboratory
methods. These hydraulic functions were subsequently
used to simulate the experiment.

The HYDRUS-2D numerical code could not reproduce
the observed flow and transport processes when inde-
pendently measured soil hydraulic properties were used
as input parameters. When such independently mea-
sured properties were used, the model predicted rela-
tively uniform Br~ concentration profiles that were in-
consistent with the highly heterogeneous distributions
observed in the field, while predicted water contents
during infiltration were also larger than the observed
values.

Much better predictions for both water flow and Br ~
transport were obtained after making relatively minor
modifications to the soil hydraulic properties to account
for possible air entrapment during infiltration, hysteresis
and reduced permeability of the compacted soil, and
subsequent model calibration. The adjusted model de-
scribed the absolute values of the observed water con-
tents, as well as the wetting and solute front arrival times,
reasonably well. The model was then also successful in
describing spatial patterns of water fluxes and solute
concentrations, and in predicting double-peak concen-

tration distributions vs. depth for several vertical pro-
files containing compacted A clods.

Double-peak concentration profiles are invariably ex-
plained in the literature by the presence of macropore
flow (Jury et al., 1986; Ghodrati & Jury, 1990; Roth
et al., 1991). In this paper we show that double-peak be-
havior can be caused also by the presence of compacted
clods that have a lower hydraulic conductivity than other
parts of the tilled layer. Such compacted clods are cre-
ated by compaction under the wheels of farming ma-
chinery and subsequent fragmentation and displace-
ment by tillage, especially during moldboard plowing.
The compacted clods can significantly affect the water
and solute pathways. Water is diverted by the less per-
meable compacted parts to more permeable soil areas,
with soil immediately below the clods being protected
from infiltrating water and solutes (referred to as um-
brella and shadow effects in this study). Lateral diffusion
of water and solute below the compacted clods can then
produce the secondary concentration peak.

Our results highlight the importance of quantifying
the scale of structural heterogeneities that may exist in
a soil. The main idea of Manichon’s method was to study
and quantify the soil profile along a trench while also
considering previous tillage and cropping operations at
the site. The method is based on identification of the main
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Fig. 10. Measured and simulated concentration profiles versus depth at selected locations. Simulated values were obtained using the adjusted

hydraulic parameter values listed in Table 2.

structural units created by tillage at macroscopic scales
between approximately 1 and 100 cm. The challenge then
is to characterize the K(/) and 6(h) properties of these
heterogeneities at the right scale. Using field instrumen-
tation or sampling the soil only according to visible sur-
face wheel tracks or the rows of a crop, if present, may
not be sufficient because of the presence of other struc-
tural features such as compacted clods within the tilled
soil. More efforts are needed to fully characterize these
heterogeneities, possibly using noninvasive imaging tech-
niques (e.g., Vereecken et al., 2004).
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