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LYSIMETER STUDY OF ANION TRANSPORT DURING STEADY FLOW
THROUGH LAYERED COARSE-TEXTURED SOIL PROFILES

OLE H. JACOBSEN,' FEIKE J. LEIJ;? aNp MARTINUS TH. VAN GENUCHTEN?

Transport of Cl and NO; was studied
during steady-state unsaturated water
flow in several lysimeters filled with a
coarse sand or sandy loam. Breakthrough
curves were obtained with suction cups at
six different depths. The transport param-
eters were determined by fitting the clas-
sical convection-dispersion equation to the
data assuming a homogeneous or a two-
layer soil profile. As expected, the two-
layer solution described the data better
than the solution assuming a homogeneous
soil, especially for the sand where the fit-
ted pore-water velocities were about 60%
higher in the subsoil compared with the
topsoil. The average dispersivity for the
sandy loam was 1.9 c¢m for the topsoil and
1.3 cm for the subsoil, whereas a value of
0.58 cm could be used for the entire profile
for the coarse sand. Solute outflow from
the lysimeters was reasonably well pre-
dicted using the transport parameters es-
timated from breakthrough curves ob-
tained with the suction cups. The disper-
sion coefficients estimated from the
effluent concentrations were generally
somewhat larger than those derived from
suction cup data. The total concentration
had little effect on the dispersion coeffi-
cient and the pore-water velocity. No sig-
nificant differences were found between
NO; and Cl, although dispersivities for Cl
were always slightly higher than those for
NO,.

Because of excess rainfall or irrigation, sur-
face-applied fertilizers and pesticides will even-
tually move beyond the root zone. This process
has long been of interest to agronomists since it
determines the effectiveness of the applied
chemicals. Solute leaching has received close
scrutiny during the last few decades because of
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growing concerns that agricultural chemicals ad-
versely affect the quality of underlying ground
water systems.

Several modeling approaches have been sug-
gested for describing solute transport quantita-
tively (Addiscott and Wagenet 1985; Nielsen et
al. 1986). Solute transport is commonly de-
scribed with the convection-dispersion equation
(CDE). For one-dimensional steady flow in a
homogeneous soil the CDE can be written as

aC #C oC -

at oz az (1)
where C is the solute concentration (ML), z is
the distance from the surface (L), ¢ is time (T),
D is a dispersion coefficient reflecting the com-
bined effects of molecular or ionic diffusion and
hydrodynamic dispersion (L?T"Y), and » is the
pore-water velocity given by ¢/8 in which q is
the Darcian flux density (LT™!) and 4 is the
volumetric water content (L’L-%). Equation (1)
assumes that the solute behaves as a perfect
tracer for water. Interaction of the solute with
the solid phase requires the use of a retardation
factor (Nielsen et al. 1986). Here we assume that
D and v are effective parameters which implic-
itly account for possible linear sorption or anion
exclusion processes. The dispersion coefficient
varies approximately linearly with the apparent
water velocity as long as the water content does
not vary significantly (Biggar and Nielsen 1976;
van Genuchten and Wierenga 1977; Yule and
Gardner 1978; Nkedi-Kizza et al. 1983). The
ratio D/v is often referred to as the dispersivity,
A (L). ‘

Application of a solute pulse to an initially
solute-free semi-infinite soil profile can be de-
scribed with the initial and boundary conditions:

C0)=02>0 (2a)
% — llCo 0 <t= to
(uC - Daz) o = {0 t>t, (2b)
E =0 t>0 (2¢)
0z |,

where C, is the solute concentration of the ap-
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plied pulse (ML™) of duration t, (T), and z —
0" implies that the input boundary z = 0 is
approached from within the soil profile. The

solution to (1) subject to (2) was given by Lind-
strom et al. (1967) as

_JCA(zt) O<t=t,
Clat)= {C.,Al(z,t) ~Cli(zt—t) t>t, &

with

1 z -yt »t\?
Ai(zt) == erfc,:MD—m;] + (E)

2
exp| - G| 10, vz vt
xR T TiDr 2D D

The CDE model has not always been success-
ful in accurately quantifying transport under
field conditions because of the problems of soil
heterogeneity (including soil layering), prefer-
ential flow, chemical nonequilibrium, improper
description of the boundary conditions, and a
lack of well-defined model parameters (Butters
and Jury 1989). Jury and Roth (1990) point out
that validation of the CDE requires concentra-
tion measurements for different combinations
of depth, time, and water flow velocities. Pre-
vious work on solute transport often focused on
alternative mathematical descriptions of break-
through curves at the column outlet in terms of
the CDE or more sophisticated models, One
objective of this study was to investigate if the
CDE can also provide a good description of
breakthrough curves (BTC’s) at different
depths.

(uz) ,: Z2+ vt
-exp D erfc

Layered Soils

Natural field soils in humid climates often
exhibit layering. Typically, such soils contain an
A horizon with relatively high amounts of or-
ganic matter as compared to underlying B and
C horizons. This situation may result in higher
water retention and different hydraulic conduc-
tivity values for the upper layer, thus invalidat-
ing the homogeneity assumption. Leij et al.
(1991) gave several analytical solutions of the
one-dimensional CDE for a two-layer medium.
One of the solutions is based on the assumption
that the layers are in effect semi-infinite and
that third- or flux-type conditions can be im-
posed at both the inlet boundary and the inter-
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face of the two layers. The interface condition
is expressed as

dz

= <0211202 et 02D2

(011’101 - 01D1

z—L~

(4)

dz

where the subscripts 1 and 2 denote the topsoil
and subsoil, respectively, and L (L) is the depth
of layer 1. The other conditions are the same as
those given by Eq. (2). We note that Egs. (1)
and (2c) were applied to describe the transport
problem for both the topsoil and the subsoil,
using the subscript notation for C, D, and » to
distinguish between the two layers (Leij et al.
1991).

Because the first layer is considered to be an
effectively semi-infinite profile, Eq. (3) holds
immediately for the concentration distribution
in the top layer (Barry and Parker 1987; Leij et
al. 1991). This assumption implies that trans-
port in the upper layer is not affected by trans-
port in the second layer. The procedure appears
Justified because of the passive nature of the
hydrodynamic dispersion process, assuming that
diffusion is relatively small as compared to dis-
persion. While boundary condition (4) leads to
a continuous solute flux across the interface, the
concentration itself may be macroscopically dis-
continuous at the interface. As is true for the
inlet condition (Eq. (2b)), such a discontinuity
likely does not occur at the microscopic level
because of diffusion (Parker and van Genuchten
1984a).

Application of Egs. (2) and (4) to the two-
layer problem leads to the following solution of
the CDE for the concentration in the second
layer (Leij et al. 1991):

z—L*

CZ(zrt)
- CoAg(Z,t) 0<t$ to (5)
T | Cola(z,t) = Coln(zt 1)) t>¢,
with
v * L—yr
Ax(z,t) =" D:)l = j‘: {erfc[——( Y ,2]

nl L+ur
+ exp <E>erfc [*-—( aDi7)! /2:”
[z—L—vy(t - 7)]

2
x{[-;r(t—r)]‘”zexp[— Dut-1) ]
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where 7 is a dummy integration variable. Notice
that C; depends on the transport parameters of
both layers.

Experimental

Suction cups are often used for measuring in-
situ concentrations in solute transport experi-
ments. There has been a considerable amount
of discussion in the literature on whether sam-
ples obtained with suction cups represent actual
soil solution concentrations (Addiscott 1990).
Van Genuchten and Wierenga (1986) pointed
out that it is difficult to reason whether suction
cups yield flux- or volume-averaged concentra-
tions, or a combination of both. Fortunately, for
the relatively high Peclet numbers often seen
during transport in sandy soils, no significant
differences are expected between the two con-
centration modes (Parker and van Genuchten
1984a). This conclusion is consistent with find-
ings for a comparable coarse-textured soil by
Hansen (1991) and Djurhuus (1990) that con-
centrations from suction cup samples were sim-
ilar to those derived from effluent samples or
soil cores. Suction cups often provide the only
practical means for monitoring solute concen-
trations in the root zone. In this study a com-
parison will be made between observed effluent
BTC’s at the lysimeter outlet and predicted
effluent BTC’s using CDE parameters derived
from suction cup data.

The total electrolyte level determines the
thickness of the electric double layer. Especially
for soils high in clay and ionizable organic mat-
ter, anion movement may be influenced by the
applied solute concentration {(James and Rubin
1986). Lower anion concentrations lead to a
thicker electric double layer since a greater frac-
tion of the anions is being expelled from soil
particle surfaces toward the center of liquid-
filled pores (Krupp et al. 1972). Because this
part of the liquid phase is more mobile, the
displacement process may be less dispersive at
lower total solute concentrations. Different val-
ues for C, will be used in this study to investigate
the effect of solute concentration on field trans-
port. We also investigated the similarity in phys-
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ical behavior of Cl and NO;. The movement of
these two tracers in soils is expected to be quite
similar (Biggar and Nielsen 1976), except that
Cl is not subject to microbial transformation or
assimilation processes.

In summary, the objectives of this study are
to (i) evaluate the applicability of the CDE to
transport in homogeneous and two-layer soil
profiles using data obtained for different pore-
water velocities, (ii) compare measured lysime-
ter effluent BTC’s with those predicted using
model parameters derived from suction cup data,
(iii) conduct displacement experiments at differ-
ent electrolyte concentration levels, and (iv)
compare the transport of Cl and NO,.

MATERIALS AND METHODS

Table 1 provides an outline of the experiments
involving two soil types and three different sol-
ute concentrations. Solute pulses were applied
during steady water flow to 1.6-m deep lysime-
ters of 1 m?% Suction cups were used to sample
the solute at six different depths in 18 lysime-
ters, whereas for all 30 lysimeters the effluent
was obtained at the bottom. Twenty-two lysi-
meters were uniformly packed with a Jyndevad
coarse sand (Orthic Haplohumod) and eight
with a Rgnhave sandy loam (Typic Agrudalf).
Care was taken to pack the lysimeters to the
same densities as those of the fields where the
soils were sampled; in both cases the boundary
between the upper and lower horizon was lo-
cated at L = 0.35 m. Table 2 provides the bulk
density, clay and organic matter contents, cation
exchange capacity, and the range of water con-
tents during the experiments as measured with
a neutron probe for the two layers of both soils.
A thin layer of gravel was placed at the bottom
of the lysimeter; the soil was presumably satu-

TABLE 1
Number of lysimeter experiments for each application
rate
C, (mol/L)
0.18 0.36 0.71
Jyndevad Coarse Sand
Suction cups 1 2 2
No suction cups 2 2 2*
Renhave Sandy Loam
Suction cups 0 2 2

*0.355 mol/L Cl and 0.355 mol/L NO,.
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TABLE 2
Selected properties of the two layers of Jyndevad Coarse Sand and Ronhave Sandy Loam

. Bulk density Clay Organic matter CEC ¢ Range

Soil Layer g/cm’® % % meq/100 g em®/cm’®
Jyndevad Coarse Sand 1 1.40 4 2.3 7 0.18-0.21
2 1.50 3 0.4 2 0.13-0.16
Renhave Sandy Loam 1 1.45 14 1.9 16 0.30-0.34
2 21 0.5 12 0.30-0.33

1.65

rated just above the gravel layer during gravity
drainage.

Six different flow rates were applied to the
coarse sand and five to the sandy loam. The
steady water flux was applied with a rail-driven
field sprayer using irrigation water extracted
from a well (35 ppm Cl, 15 ppm NO,, EC, = 42
mmho/m, 7.0 < pH < 7.5). The low background
Cl and NO; concentrations were subtracted from
the measured concentrations prior to data
analysis. The sprayer automatically irrigated the
two rows of lysimeters at uniform preselected
time intervals between 5 and 20 minutes and at
different intensities obtained by varying the
nozzle size. The lysimeter setup was covered
with a roof to eliminate rainfall, whereas a wind
shelter was placed on one side of the lysimeters
to minimize evaporation.

The steady flow conditions were checked by
daily measurements of the amount of drainage
water from each lysimeter. Different evapora-
tion conditions during the experiment and oc-
casional brief electrical interruptions caused the
outflow to vary slightly. For the parameter es-
timation process we therefore used an adjusted
time, ¢,, according to

_ Q@)
qm(t)

where Q(¢) is the cumulative drainage flux (L)
at time ¢, and g.(t) is the mean drainage flux
(LT™') averaged over the time interval of inter-
est during the experiment. This adjustment is
equivalent to the use of cumulative net applied
water fluxes as implemented by Butters and
dJury (1989). The adjustment provides a good
approximation when the water flux fluctuates
only slightly because of the assumption that #
and X = D/v are constant for different water
fluxes. Neutron access tubes were installed in
four lysimeters representing two flow rates and
two soil types. Water contents measured with
the neutron probe varied little among the dif-

(6)

ferent flow rates; the results can be found in
Table 2.

After ensuring steady flow, a CaCl, or a mixed
CaCl,/Ca(NOs), pulse was applied slowly and
uniformly to the soil surface at flow rates be-
tween 0.2 cm/day and 2 cm/day (Table 3). Ap-
plication of 5 L of a 0.18-M pulse to the lysimeter
is equivalent to supplying 125 kg nitrate-N/ha.
In each row of lysimeters, suction cups were
installed horizontally through the walls in five
lysimeters containing coarse sand and four con-
taining sandy loam at depths of 30, 50, 70, 90,
110, and 130 cm. Solution samples were obtained
using the falling head method; a suction of 800
cm was imposed on the 4.5-cm long and 1-cm
diameter ceramic suction cups yielding a sample
of at most 20 ml. Chloride concentrations were
determined by potentiometric titration with
AgNOj; using a Mettler Titrator, whereas spec-
trophotometry was used to determine NO,
concentrations (Best 1976) with a Technicon
Autoanalyzer.

The concentration data were analyzed with
the nonlinear least-squares inversion program
CXTFIT (Parker and van Genuchten 1984b).
The program was adapted to include the two-
layer solution (Eq. 5). A copy of the modified
program is available from the authors.

RESULTS AND DISCUSSION

Figure 1 shows typical examples of Cl BTC’s
at various depths for the coarse sand (Fig. 1a)
and the sandy loam (Fig. 1b). Numbers denote
data points at consecutive depth locations in the
lysimeters, while the solid lines were calculated
with Eq. (3). Although only a few data points
were measured at each depth during passage of
the solute pulse, the fitted CDE curves for a
homogeneous soil profile appear to give a rea-
sonable description of the data, especially for
the sandy loam.

Values for D, », and ¢, were fitted to Eq. (3).
Small errors in the mass balance were observed
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TABLE 3

Values of the measured water flux, q, and the total
solute concentration, C,; and the parameters v, D, t,,
and the correlation coefficient, r*, obtained by fitting

the one-layer CDE solution to observed suction cup

data

Lysimeter ¢ C. D

° 14 t, ”
number cm/d mol/L cm/d cm?*d d

Jyndevad coarse sand

17 0.227 018 180 3.73 2.10 0.616
10 0.221 0.36 196 2.00 255 0.784
15 0231 0.71 196 290 2.67 0.550
18 0277 0.71 196 3.34 2.25 0577
3 0.445 018 3.67 1.62 0.87 0.788
4 0453 036 339 271 111 0.668
5 0.476 0.36 3.49 3.64 1.06 0.768
2 0459 0.71 4.23 564 1.09 0.882
8 0.426 0.71 3,53 3.32 1.04 0.699
18 0.704 0.18 5.22 343 0.73 0.641
10 0.551 0.36 4.61 3.86 1.01 0.777
17 0.617 036 4.5¢ 3.29 0.76 0.768
15 0.563 0.71 447 4.77 0.98 0.659
14 0.734 071 475 3.49 0.72 0.546
4 1.058 0.18 6.83 7.88 0.50 0.700
8 0951 036 7.1 3.75 0.53 0.885
3 0.996 0.36 7.02 3.11 0.40 0.700
2 1.025 0.71 7.89 7.89 0.55 0.870
5 1109 071 731 3.92 0.40 0.929
17 1321 0.18 7.61 15.18 0.37 0.379
18 1389 036 7.28 9.44 043 0.532
14 1.506 0.36 8.20 7.45 0.48 0.654
15 1289 0.71 844 17.68 0.64 0.742
10 1294 0.71 8.04 10.19 0.51 0.515
2 2,063 0.18 14.36 14.22 0.30 0.844

8 1979 0.36 12.79 2144 0.29 0.444
4 2.160 0.36 14.20 20.38 0.34 0.679
5 2.088 0.71 11.76 20.44 0.38 0.555
3 2.144 0.71 10.88 29.37 0.33 0.399

Renhave sandy loam

12 0.168 0.36 0.80 1.28 3.72 0.960
11 0.188 0.36 0.78 1.05 3.58 0.940
13 0.143 0.71 0.74 1.77 3.04 0.871
16 0.197 0.71 0.74 131 3.14 0.903
7 0.397 0.36 190 6.20 148 0.729
1 0.412 0.36 163 1.65 1.28 0.206
9 0408 0.71 1.64 2.66 1.49 0.763
6 0.410 071 1.82 354 1.35 0.790
12 0.496 036 208 243 0.94 0.889
11 0543 071 240 3.33 1.13 0.933
16 0.586 0.71 223 3.71 0.87 0.847
9 0918 0.36 3.73 6.06 0.55 0.697
7 0938 036 385 5.71 0.50 0.870
6 0938 0.71 364 5.22 0.47 0821
1 1.000 0.71 392 348 0.49 0.958
12 1.263 036 4.48 14.19 0.58 0.830
11 1272 036 4.57 12.58 0.55 0.929
13 1.227 0.71 4.15 14.04 0.58 0.840
16 1311 0.71 4.50 1897 0.48 0.727

a2s.
3 Coarse sand
Q a2 \ Lysimeter no. 2
e q = 1.03 emv/d
J ~1— 30 cm
g s ~2- 50 cm
3] ~3- 70 cm
w -4— 80 cm
> aw -5~ 110 em
z -6~ 130 cm
-
w
T a0
A a0

[} ° 2 2 0
TIME (days)
Al

s 022
Q
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o A
z
o
o
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=
<
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I}
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Fic. 1. Observed and fitted BTC’s for Cl at six
depths: (a) coarse sand and (b) sandy loam. Numbers
indicate measured values, while solid lines represent
solutions of the homogeneous CDE fitted to the pooled
observations from six depths.

for some of the lysimeters. These errors could
be due to uneven application of the solute or
inadequate sampling with the suction cups. To
obtain a better description of the data we there-
fore decided to also fit the pulse time, ¢,. For
each experiment, BTC’s at all depths were con-
sidered simultaneously in the parameter opti-
mization process.

The results for the homogeneous (one-layer)
CDE are summarized in Table 3, which is
grouped based on the gravimetrically deter-
mined average water flux (g). A few of the
leaching experiments were not analyzed because
of experimental problems due to freezing, pond-
ing at the soil surface, or other technical prob-
lems. An analysis of variance showed that D/v
and log(D/v) did not depend significantly on the
various treatments (flow rate, C,, lysimeter).
Furthermore, the normality test by Shapiro and
Wilk (1965) revealed that A = D/v was better
described with a lognormal than a normal dis-
tribution. This is in accordance with the studies
of Biggar and Nielsen (1976) and van de Pol et
al. (1977) who showed that D and » are lognor-
mally distributed.

The correlation coefficients for the coarse
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sand (Table 3) are quite low, indicating that Eq.
(3) did not accurately describe the observed data
for sandy soils with relatively high organic mat-
ter content in the upper layer. This high organic
matter content resulted in higher water contents
and, hence, lower pore-water velocities in the
upper part of the soil profile, thus delaying the
movement of Cl through this layer as compared
to the remainder of the soil profile. Figure 1a
shows the measured pulse to be behind the cal-
culated pulse at 30 cm (i.e., the top part of the
lysimeter) and to be ahead of the calculated
curve at 130 cm.

Because the soil profiles were made up of two
distinct horizons, the concentrations were also
fitted to the solution of the two-layer system,
i.e., Eq. (3) for the topsoil and Eq. (5) for the
subsoil. The introduction of two additional fit-
ting parameters should result in higher correla-
tions. On the other hand, too many parameters
can also lead to uniqueness problems. To im-
prove the stability of the parameter estimation
process for the coarse sand, we assumed a cer-
tain degree of similarity of the transport proc-
esses in the two layers. Similarity was invoked
by assuming that the same dispersivity could be
used for both layers (i.e., A, = \,) and that this
dispersivity would be the same for all lysimeter
leaching experiments. Note that, especially for
the coarse sand, relatively few data points were
available at times when the pulse was passing.
This lack of data mandated simplifying assump-
tions to improve the data analysis. The constant
dispersivity (A = 0.58 cm) used in the subsequent
estimation was calculated from the geometric
means of A\, and ), initially found for each
experiment in the sandy soil lysimeters. The
geometric means of \, and A, for the individual
lysimeter experiments were 0.54 cm and 0.63
¢m, respectively. A Student’s ¢ test of log(A,) —
log(),) for each replicate showed that the mean
of this difference was not significantly different
from zero.

The fitted values for » and L, are listed in
Table 4 for the coarse sand, whereas Table 5
contains the fitted » and D values for the sandy
loam. Even with the restriction of having only
one constant dispersivity value for both layers
of the coarse sand, the results in Table 4 indicate
that the correlations are improved considerably
for the two-layer analysis compared with the
one-layer case (Table 3). Figure 2 shows the
fitted curves (solid lines) for the two-layer sys-
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TABLE 4
Values of the parameters v,, vy, t,, and the correlation
coefficient, r*, for Jyndevad Coarse Sand, obtained by
fitting the two-layer CDE solution to observed suction
cup data assuming \; = Dfv = A, = 0.58 cm

Lysimeter un Uy t, )
number cm/d cm/d d

17 1.38 2.51 1.61 0.695
10 1.77 2.20 2.21 0.811
15 1.55 2.63 2.54 0.803
18 1.71 2.45 1.66 0.645
! 3 3.44 3.93 0.93 0.803
4 3.10 3.86 1.03 0.708
5 2,93 4.09 1.00 0.942
2 370 472 082 0814
8 2.97 4.23 1.00 0.878
18 3.09 7.84 0.72 0.847
10 341 5.83 0.98  0.907
17 3.38 5.72 0.76 0.946
15 3.47 5.44 096 0.836
14 3.87 6.67 0.69 0.775
4 5.56 7.65 048 0.742
-8 6.13 7.85 054  0.910
5 6.26 8.58 0.42 0.970
3 7.38 6.86 046 0.704
2 6.32 9.62 0.46 0.978
17 5.77 10.85 0.34 0.754
18 5.97 10.00 040 0.817
14 6.80 11.17 0.43 0.887
15 6.97 11.09 0.59 0.938
10 6.59 11.02 0.44 0.722
2 13.99 15.06 0.26 0.845
8 8.95 19.21 0.26 0.826
4 11.21 17.47 0.26 0.744
5 8.69 17.21 0.32 0.879
3 7.46 19.22 0.26 0.780

tem using the data as in Fig. 1. A comparison of.
Figs. 1a and 2a suggests that the two-layer model
gives a better description of the data. On aver-
age, v, was found to be 57% higher than », for
the coarse sand, indicating that the “effective”
water content of layer 1 (A horizon) was 57%
higher than in layer 2. This is in line with the
measured § for the two layers, although the latter
showed a somewhat smaller difference, presum-
ably due to the effect of differences in dry bulk
density on the neutron probe readings. For the
sandy loam, however, v, and v, were nearly iden-
tical. The higher clay content and the higher dry
bulk density in the subsoil apparently must have
compensated for the higher organic matter con-
tent in the topsoil and resulted in nearly iden-
tical water contents in the two layers. The geo-
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TABLE 5
Values of the parameters vy, Dy, vo, D, t,, and the
correlation coefficient, r*, for Rgnhave sandy loam,
obtained by fitting the two-layer CDE solution to
observed suction cup data

Lysimeter v, D, [N D, [ 2

number c¢m/d cm?/d em/d em?/d d
12 084 134 075 1.06 3.72 0.973
11 079 105 076 1.11 3.58 0.945
13 069 176 081 0.95 3.04 0907
16 0.70 1.23 081 117 3.14 0.927
7 217 982 1.64 270 1.48 0.813
1 167 210 1.58 1.13 1.28 0.263
9 203 3.1 134 1.28 149 0.930
6 195 452 164 1.88 135 0.825
12 199 198 226 3.12 094 0916
11 254 3.74 221 248 1.13 0952
16 209 3.70 242 2.89 0.87 0.864
9 462 356 3.06 355 0.55 0.874
7 409 6.76 3.60 3.42 0.50 0.894
6 381 562 348 4.19 0.47 0.830
1 426 3.63 369 3.51 0.49 0973
12 392 13.19 5.08 9.30 0.58 0.887
11 447 1453 459 866 0.55 0.938
13 3.56 13.57 4.75 17.52 0.58 0.917
16 3.53 1413 5.86 8.10 0.48 0.871
028
e Coarse sand
Q o2 Lysimeter no. 2
e g = 1.03 crvd
¢ o -1 30 em
8 ~-2— 50 cm
w %
g 5= 110 em
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A ° © 2 0 ©
TIME (days)
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2
E
<
i
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FI1G. 2. Observed and fitted BTC’s for Cl at six
depths: (a) coarse sand and (b) sandy loam. Numbers
indicate measured values, while solid lines represent
solutions of the two-layer CDE fitted to the pooled
observations from six depths.
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metric means were 1.86 for \, and 1.26 for A, for
the sandy loam.

Figure 3 shows the relation between the dis-
persion coefficient and the pore-water velocity
obtained from the two-layer analysis of the
sandy loam data. The geometric means of the
dispersivities as shown in Fig. 3 indicate that
the relationships log(v;) — log(D,) and log(v.) ~
log(D.) were reasonably well described by as-
suming a constant dispersivity.

Figures 4a and 4b show some typical examples
of measured effluent BTC’s for the coarse sand
and the loamy sand, respectively. The solid lines
present the BTC’s predicted with Eq. (5) using
parameters derived from the suction cup data.
The mean travel times of the solute were well
predicted for both soil types. However, D values
derived from the outflow data were significantly
higher than those based on suction cup data.
This effect, which is especially pronounced for
the coarse sand, may be explained by additional
mixing at the outlet boundary. Because of the
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FiG. 3. The relationship between log D and log »
for the sandy loam experiments fitted to the solution
of the CDE for a two-layer profile: (a) topsoil and (b)
subsoil.
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lysimeter outlet at 1.60 m: (a) coarse sand and (b)
sandy loam. The solid lines show BTC’s predicted
with the two-layer solution using parameters obtained
by fitting the two-layer model to suction cup data.

absence of pressure head control at the lower
boundary, the soil becomes locally saturated,
thus promoting increased longitudinal and lat-
eral mixing. These observations are similar to
those by Wierenga and van Genuchten (1989)
for a large 6-m-deep repacked sandy lysimeter.
Discrepancies in D between effluent and suction
cup BTC’s could also be caused by differences
in sampling. The lysimeter can be viewed as an
assembly of many parallel stream tubes with
different flow rates. Suction cups probably sam-
ple only a limited number of stream tubes. This
could explain the lower values for D as compared
to the effluent BTC since the latter reflects
contributions of all stream tubes. Note that con-
centrations measured on outflow samples are
typically flux concentrations (Parker and van
Genuchten 1984a), while only resident concen-
trations were considered in this analysis. How-
ever, the relative high Peclet number (P = vz/
D > 200) at this depth indicates only minor
differences between resident and flux concentra-
tions. Hence, discrepancies such as those shown
in Fig. 4 could not be attributed to the use of
different concentration modes.

The average mass recovery, obtained by inte-
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grating the measured effluent BTC, was 97% of
the initially applied chloride for the sandy loam,
with a coefficient of variation (CV) of 4%. The
mass recovery for the coarse sand amounted to
91% with a CV of 12%. We consider these errors
relatively small in view of the limited number of
data points available to reliably integrate the
effluent curves. The mass recoveries obtained
with the two-layer CDE analysis using the suc-
tion cup data, as percentages of the initially
applied chloride, were 100% (CV = 22%) for the
coarse sand and 121% (CV = 10%) for the sandy
loam. The excellent mass recovery for the coarse
sand was probably accidental since individual
lysimeters showed relatively large variations.
The mass recovery for the sandy loam was quite
high. An explanation for this excess recovery
could be disproportionate sampling of the
mobile region and the occurrence of anion
exclusion.

An analysis of variance suggested that no
significant differences existed in v and D be-
tween experiments conducted at different input
concentrations, C,. Krupp et al. (1972) observed
relatively small changes in exclusion volume
when C, changed by two orders of magnitude.
The maximum value for .C, in our experiments
was only four times the minimum value. Consid-
ering the relatively poor resolution of our data,
the absence of a clear concentration effect
should probably have been expected in retro-
spect. Since fertilizer applications generally in-
volve smaller ranges in C, values, our results
suggest that concentration effects will not sig-
nificantly affect NO; transport under field
conditions.

The input pulse solution for eight of the lysi-
meter experiments contained a mixture of equiv-
alent amounts of CaCl, and Ca(NO,), rather
than only CaCl,. Results for one of these exper-
iments are shown in Fig. 5. The BTC’s for the
two anions look quite similar with recovery rates
of 90% for NO; and 96% for Cl. Microbial activ-
ity was presumably minor because of the rela-
tively low temperature at which the experiments
were conducted. The breakthrough for Cl oc-
curred slightly ahead of NO; in all eight experi-
ments. The confidence limits calculated by
CXTFIT indicate no significant differences in
either D or v between Cl and NO,. This is in
agreement with previous findings by Biggar and
Nielsen (1976).
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CONCLUSIONS

A comparison of the solutions of the CDE
showed that the two-layer analysis gave a better
description of Cl breakthrough curves for the
sandy loam, and especially for the coarse sand,
compared with the homogeneous analysis. These
results reflect the presence of different water
retention properties of the two soil layers.

Despite the variation of the experimental
data, a fairly linear relationship between log »
and log D emerged. For the coarse sand we made
the somewhat convenient assumption of a con-
stant value of 0.58 cm for the dispersivity, A;
this assumption did not reduce the accuracy of
the analysis. For the sandy loam, the average A
was 1.86 cm for the topsoil and 1.26 cm for the
subsoil.

The analytical solution of the CDE for a two-
layer soil profile, using model parameters ob-
tained by fitting suction cup data, predicted the
location of effluent BTC’s very well. Hence,
suction cups are useful for monitoring solute
movement in field soils. However, the D values
determined from effluent BTC’s were in most
cases greater than those derived from suction
cup data. Also mass recovery based on suction
cup BTC’s exceeded 100% for the sandy loam
soils,

The estimated values for D and » were not
affected by the input concentration, C,. We also
found no significant differences between the
behavior of Cl and NO,, although A for Cl was
found to be slightly higher than for NO; in all
cases.
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