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Abstract

Concern about the environmental effects of agricultural chemicals through preferential flow
has risen in recent years. A simple model is presented describing the processes involved in
preferential transport of both soil-adsorbed and non-adsorbed solutes. The model assumes
that water and solutes are mixed into an upper soil layer. The water and solutes then flow
through macropores to the groundwater. Analysis of the solute breakthrough curves in subsur-
face drainage effluent makes it possible to calculate the depth of the mixing layer or the
adsorption desorption partition coefficient. Data from a drainage experiment with chloride,
2.4-D and atrazine were used to test the model. The study was performed on a no-till and a
conventionally tilled plot. The model and experimental results indicate that only a fraction of
the ficld area participates in transport to the macropores. Differences between breakthrough
curves from the conventionally tilled and no-till plots are explained well by the mixing of solutes
and water in the upper layer. This simple, physically based model can help us to understand and
estimate the environmental threats of herbicides shortly after application.

1. Introduction

There has been increasing concern over the past several years about groundwater
contamination from agricultural chemicals (Shirmohammadi et al., 1989; Rice et al.,
1991). Accelerated leaching of tracers, nutrients, and pesticides has been attributed to
preferential flow both in the laboratory (Andreini and Steenhuis, 1990; Shipitalo et
al., 1990; Czapar et al., 1992) and under field conditions (Ghodrati and Jury, 1990;
Kladivko et al., 1991; Steenhuis et al., 1990a). Models that incorporate preferential
flow are needed for the evaluation of management practices and their impact on the
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environment (Gish et al., 1991). Models have been recently developed that generally
require detailed knowledge about field properties, often using many parameters
(Workmann and Skaggs, 1990; Steenhuis et al., 1990b; Jarvis et al., 1991; Chen
and Wagenet, 1992). The objective of this paper is to modify a model, first presented
by Steenhuis et al. (1994), which explains the solute breakthrough curves under
preferential flow using few, easy to measure, physically based parameters.

2. Theory

Steenhuis et al. (1994) suggested a simple one-dimensional mode for solute con-
centration in preferentially moving water. During precipitation, a solute applied to
the surface undergoes mixing (and adsorption, for soil adsorbed chemicals) in a soil
layer near the surface (Fig. 1(a)). After full mixing, the solute flows into macropores
and down to the bottom of the soil profile where it can be collected by a drainage line
(Fig. 1(b)). The first stage is called the ‘mixing stage’, and the second stage is the
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Fig. 1. Schematic description of the original model by Steenhuis et al. (1994). (a) In the mixing stage, water
and solutes are absorbed by the matrix in an upper soil layer. As the layer is not saturated, no water can flow
into the macropores. (b) After the upper layer is saturated, the outflow stage begins. During this stage,
water and solutes flow into macropores while more precipitation is added to the layer. Water also flows
down into the soil matrix at a much slower rate. The solute concentration in the upper layer and in the water
flowing into the macropores is given by Eq. (1).
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‘outflow stage’ in which the water and solutes flow out of the upper layer into the
macropores. The solute concentration in the macropore flow is equal to its con-
centration in the soil solution of the upper layer (during the outflow stage). The
concentration as a function of time, C,, of a surface-applied solute flowing out of
the upper layer is given by

t
J Rdr
Cy= I/_V;CXP "’Wo for t > ¢, (1)

where M° [M L~?] is the quantity of solute applied per unit of land surface, R [L T~}
is the excess rainfall, which is assumed to be the drainage outflow rate, and ¢, is the
end of the mixing stage and the start of the outflow stage. In practice, fy is the
beginning of drainage outflow. W, and W [L] are the apparent water contents
during the outflow and mixing stages, respectively. The apparent water contents
can be thought of as the participating water volume [L’], divided by the area of the
mixing layer [L?]

W, = (6, + pk)h, (2)

W = (6 + pk)hm (3)

where 6, is the saturated moisture content, p [M L] is the soil density and k [L> M ™'}
is the adsorption—desorption partition coefficient. A, and A, [L] are the effective
depths of the layers taking part in the outflow and mixing, respectively. When all
pores are participating and the field has been tilled, the effective depth is equal to the
plow depth. The original model assumed &, = A, and experimental data showed this
to be the case for non-adsorbed solutes (Steenhuis et al., 1994). For soil-adsorbed
solutes, variations in apparent water contents were accounted for by dissimilar par-
tition coefficients in the mixing and outflow stages. In the current study however,
different values for apparent water contents were found for the mixing and outflow
stages with chloride as the solute. Since k£ =0 for chloride (not soil adsorbed),
differences in W values could be accounted for only by using distinct 4 values for
the two stages. A more accurate model should consider both different mixing layer
depths and different partition coefficients for the mixing and outflow stages, but this is
outside the scope of this paper.

An experiment to measure the solute concentration in the preferential flow out of
the upper layer is difficult to perform. The model assumes that the drainage pipe
outflow is dominated by this preferential flow. This is a reasonable assumption in
experiments where solutes appear in the drainage water hours after application and
the matrix hydraulic conductivity is known to be low. Thus, the apparent water
contents can be obtained from the solute’s breakthrough curve in the drainage pipe
outflow by a linear regression of the natural logarithm of the concentrations in the
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drainage water C,, versus the cumulative drainage outflow

In[C,] =In (g) - WLOJ: Rdt 4)
-1
W, = _a— (5)
M°
W = exp(b) (6)

in which a and b are the slope and intercept of the regression line, respectively. All the
parameters used in the model are physically based. Some can be measured directly
(R, M ,k in the case of a non-adsorbed solute). The linear regressions can be used to
find 4 or k (in the case of a soil-adsorbed solute).

Presence of preferential flow is an indication that only a fraction of the porous
medium is taking part in the transport processes, resulting in non-homogeneous
concentrations of solute in the soil (Gish et al., 1991; Roth et al., 1991). One way
by which non-homogeneous conditions arise for the solute in a porous medium
system is when access to a portion of the medium is constrained by solute diffusive
mass transfer (Brusseau and Rao, 1990; Wallach et al., 1988). Non-homogeneous
concentrations of solute will also occur when access to, or from, some parts of the
soil is constrained by low hydraulic conductivity. High-conductivity regions (macro-
pores and their close surroundings) will lose most of their solute content in a high-
precipitation event because of the large volume of water flowing through them. The
lower conductivity regions (soil matrix) will retain most of their solute. Thus, only a
small fraction of the soil will participate in solute transport to macropores during
high flow-rate events, resulting in a non-uniform distribution of solute in the upper
layer.

In contrast, the model presented in Eq. (1) and Fig .1 assumes spatially uniform
distribution of the solute in the mixing layer at all times. A more probable scenario is
presented in Fig. 2(a), in which only a fraction of the upper layer participates in the
transport to the macropores. The mixing stage in both scenarios is relatively uniform
if there are relatively few surface connected macropores, i.e. conventionally tilled
plots. Uniform mixing is expected if the upper layer is relatively dry and the water
(and solutes) absorption is driven by the soil matrix suction forces. If, indeed, only a
fraction of the upper layer takes part in the outflow stage, this spatial variability is
represented in a one-dimensional model such as Eq. (1) by the value for 4, being much
smaller than that for 4.

After precipitation ends, a third stage might be evident in the breakthrough curves.
Fig. 2(b) depicts the drainage stage in which the soil solution from the upper layer, as
well as any water stored at the surface by ponding, continue to flow into the macro-
pores. In relatively heavy soils, this amount of water, which can be represented by the
difference between saturation and field capacity moisture contents, might amount to a
few millimeters of drainage from the upper layer. The solute concentration is expected
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Fig. 2. Modifications to the original model. (a) In the outflow stage preferential flow is much faster than
matrix flow, and the transport of water and solutes into the macropores is limited by the low matrix
hydraulic conductivity of the upper layer. The result is that only a small volume of the upper layer around
the macropores contributes to the flow. (b) In the drainage stage no more precipitation is being added to the
upper layer and the solute concentration of the macropore flow is constant.

to be constant in the drainage water during this stage as no water is added to the
upper layer.

3. Experimental methods

A drainage experiment was conducted in August 1992 to test the model on two
adjoining plots at the Willsboro Research Farm in northern New York. The soil is a
somewhat poorly drained Rhinebeck sandy clay loam (illitic, mesic Aeric Ochra-
qualfs) glacial till with a surface slope of less than 3%. In the fall of 1984, each
plot had a drainage pipe installed at an average depth of 80cm. The pipes run the
length of the plot, ending in a manhole (Steenhuis et al., 1990a). The drainage lines are
offset from the center of each plot by 3m to the north, since it was thought that the
slope would affect the flow to the drainage lines. Plot A has been under no-till corn or
alfalfa management since 1986. Plot B was managed with conventional till corn since
1986 with two seasons of no-till alfaifa in 1989—1990. Corn was planted on both plots
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in May of 1992 and was mowed and manually cleared from an area of 1000 m? upfield
from each manhole.

Atrazine was applied at a rate of 3.36 kgha™' in the first week of May. Chloride, in
the form of 77% pure CaCl, - SH,O flakes, was spread on 17 August using a manual
applicator at a rate of 4000kg Cl ha™'. 2,4-D was applied on 17 August at a rate of
1.68 kgha™!. Two irrigation laterals, with four sprinklers each, were used to irrigate at
a rate of 0.9cmh™!. Irrigation took place on 18 August, lasting 7h. Two additional
similar irrigation events were conducted on 19 and 21 August (data not shown).

Drainage discharge rates were monitored in the manholes, using tipping buckets
connected to a datalogger. Datalogger readings were calibrated and verified using
manual measurements. Samples were taken from the outflow up to three times per
hour during peak flow and were frozen for later analysis. Water samples were
analyzed for chloride using a Buchler Instruments Digital Chloridometer. Atrazine
and 2,4-D concentrations were analyzed with Rapid Assay immuno-assay kits made
by Ohmicron Corp.

4. Results and discussion

Figs. 3 and 4 depict the natural logarithms of the Cl, 2,4-D, and atrazine concen-
trations in the drainage outflow versus the accumulated drainage outflow. Solid lines
in Figs. 3 and 4 represent the linear sections of the graphs. These sections will be
used in the following discussion to calculate A, for the Cl release, and k, for the
herbicides.

In the irrigation event analyzed in this paper, linear sections appeared only in Fig. 4
(conventional till). Additional (less distinct) linear relationships were evident in the
later two irrigation events (data not shown) and are described below. Table 1 shows
the results of linear regressions performed on the linear sections for plot B. The value
used for ¢, (saturated water content) was 0.48 and r, the bulk density was 1.4 gcm™.

Since k& (the adsorption—desorption partition coefficient) for C1 is zero, Egs. (2) and
(3) could be used directly to calculate the mixing and outflow layer depths A, and A,
(Table 2). hy, was calculated (with Eq. (2)) as 15.5 cm, in excellent agreement with the
actual plow zone depth of 15 cm. A, is very small (1 mm), indicating that only a small
fraction of the mixing layer volume contributed flow to the macropores, as depicted in
Fig. 2(a).

Because k£ was not known for the soil-adsorbed herbicides, results of an infiltration
study on undisturbed soil cores taken from the same plots were used for an estimation
of h,, (Andreini and Steenhuis, 1990). A soil-adsorbed blue dye was applied to the
surface and found to have uniformly mixed into the soil to the depth of the plow layer.
Below the plow pan, the dye was found only in small portions of the soil, indicating
preferential flow. Consequently, in plot B, A, for the herbicides was set equal to the
plow layer depth. The partition coefficient, &, for the herbicides could now be calcu-
lated using Eq. (2) (Table 2).

The validity of the model for soil-adsorbed solutes was assessed by comparing the
calculated partition coefficient values with those predicted from the literature. The



G. Shalit, T. Steenhuis | Journal of Hydrology 183 (1996) 139-149 145

6 - —406-7
No Till
T Chioride
ML o e - = - .. 200
-
48 - - =
= =]
3) ®TE
£42 o
50 +
36 -
25 4
3 . ;
0 1 2 3 4 s
Drainage Outfiow {[mm]
6 - 406
No Till
2,4-D
4.8 100 +
- -
a 5 [ 3 - g
<k - - - . ol =
- . - =
o Q
c 24 1 <
- N
1.2 4 41
o 1
0 1 2 3 4 s
Drainage Outflow [mm]
5 -
No TI" 100 4
. Atrazine
- - - - - —_
0 e . 013
£33 =
8 0
= w0l &
<2 N
c £
= <
14 34
0 y , . . 1
0 1 2 3 4 5

Drainage Outflow [mm]

Fig. 3. Natural logarithm of solute concentration in drainage outflow, vs. accumulated drainage outflow for
plot A (No Till). The top plot is for C1 release, the middle plot is for 2,4-D, and the bottom plot is for
atrazine. The straight lines indicate the sections on which linear regressions were performed. The thick line
at the top indicates the irrigation event durations.
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Fig. 4. Natural logarithm of solute concentration in drainage outflow, vs. accumulated drainage outflow for
plot B (Conventional Till). The top plot is for C1 release, the middle plot is for 2,4-D, and the bottom plot is
for atrazine. The straight lines indicate the sections on which linear regressions were performed. The thick
line at the top indicates the irrigation event durations.
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Table 1
Regression results for the linear sections in plot B (conventional till)
Chemical Flow (cm) W, Wa R
R — (cm) (cm)
Start End
Cl 0.0 0.09 0.05 1.5 0.978
2,4-D 0.0 0.09 0.03 43.1 0.954
Atrazine 0.0 0.09 0.05 315.6 0.954

predicted k values in Table 2 were calculated using the Rao and Davidson (1980)
equation. The values they quote for the octanol water partition coefficient are 416—
640 for 2,4-D and 212-226 for atrazine. The organic matter fraction in the study area
at Willsboro is between 0.01 and 0.04 (Olson et al., 1982). These numbers yield a
range of predicted values for the adsorption—desorption partition coefficient of 2,4-D
and atrazine that are in reasonable agreement with the model calculation (Table 2).

The values found for A, of the herbicides (Table 2) are two orders of magnitude
smaller than that of the chloride, indicating that the volume of the mixing layer
contributing to the herbicide flow into the macropores was smaller than the volume
contributing to the flow of chloride. This conclusion is supported by the following
mass loss data. Solute loss of chloride was 1.3% of the application amount, while the
relative losses of 2,4-D and atrazine were 0.08% and 0.02%, respectively. Transport
of herbicides to the macropores was limited by their soil adsorbance so that only very
small volumes of soil around the macropores participated, resulting in the relatively
small loss. The mixing layer model does not hold under no till management (i.e. there
are no linear declines at the beginning of the drainage event). This is to be expected
since under no till management the upper layer is not disturbed each year and a
distinct upper mixing layer is not created. The results of the infiltration study cited
above (Andreini and Steenhuis, 1990) support this finding. The blue dye was uni-
formly mixed into the plow layer under conventional till, yet it was found to flow into
macropores connected directly with the surface under no till management.

The results of the current study are in agreement with findings of a previous study
performed on 16 plots at the Willsboro Research Farm (Shalit et al., 1992). Chloride
drainage breakthrough curves were evaluated for plots under no till, conventional till,

Table 2
Calculated 4 values from the chloride breakthrough curves and calculated k values from the
herbicide curves for plot B (conventional till)

Chemical ho h, k (model) k (predicted)
(cm) (cm) (cm’ g7) (em’ g™")

Cl 15.5 0.10 b

2,4-D 2 0.001 1.44 2.4-10.5

Atrazine 2 0.002 12.40 3.8-16.5

® hy, is assumed to be 15.5cm for the herbicides.  k is zero for the chloride. The predicted k&
values were obtained with the Rao and Davidson (1980) equation.
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and conventional till with mixing of the C1 into the plow layer. A model similar to Eq.
(1) was applied to the data in an attempt to predict the chloride concentrations in the
drainage effluent. Model predictions were in good agreement with the chloride con-
centrations in the drainage water for the plots under conventional till with mixing.
The predictions were not as good for the plots under conventional till without mixing,
and poor for the no till plots. This is a further indication that when preferential flow
from a plow layer with a uniform distribution of solute in it is the dominant source of
solute in the drainage outflow, the solute release pattern is described well by a simple
model similar to Eq. (1).

Immediately with the irrigation ending, the C1 concentration in the conventional
till plot became almost constant (Fig. 3). As depicted in Fig. 2(b), this is the behavior
expected for the drainage stage, in which water and solute continue to flow into the
macropores until field capacity is reached. Since no water was being added, the solute
concentration was constant. Similar linear sections were evident for the herbicides in
the no till plot in the two irrigation events conducted on 19 and 21 August, after the
irrigation was turned off. They all had similar slopes, indicating that the soil volumes
contributing to this drainage stage were similar and the mechanism causing their
appearance remains to be studied.

5. Conclusions

The different breakthrough patterns of surface-applied solutes are highlighted by
plotting the natural logarithms of the solutes’ concentration in the outflow versus the
accumulated outflow. This analysis shows a substantial difference between a plot
under conventional till, which has a mixing layer associated with the plow zone,
versus a plot under no till, which has no such layer.

In the conventional till plot, the mixing layer model was in good agreement with
results. The model predicted the mixing layer depth during the adsorption stage, as
well as the adsorption—desorption partition coefficient of 2,4-D and atrazine.

The model analysis indicates that only a small fraction of the upper layer is
involved in the flow into the macropores during the high flow-rate periods. This
fraction is two orders of magnitude smaller for soil herbicides than for the
non-adsorbed chloride, resulting in a much smaller loss of herbicides in the drain-
age effluent. The value of A, or the ratio h,/hy, can potentially be of use in the
estimation of the fraction of the soil matrix participating in the flow and desorption
into fast flowing macropores. The exact nature of this process remains to be
investigated.
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