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Overview of inert tracer experiments in key Belgian soil types:
Relation between transport and soil morphological

and hydraulic properties
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Abstract.

To investigate relations between solute transport, soil properties, and

experimental conditions, we summarize results from leaching experiments that we carried
out in a range of soils, at different scales (column (0.3-1.0 m ID, 1.0 m length) and field
plot scale), and using different leaching rates (0.5-30 cm d™'). The lateral mixing regime
and longitudinal dispersion were derived from time series of tracer concentrations at
several depths in the soil. Field- and column-scale transport were similar in loam and silt
loam soils. The mixing regime was related to soil morphological features, such as vertical
tongues, stratification, macropores, and a water-repellent layer. The dispersion increased
in all soils more than linearly with increasing leaching rate, implying that the dispersivity is
not an intrinsic soil characteristic. The change of dispersivity with leaching rate was linked
to the unsaturated hydraulic conductivity using a multidomain conceptualization of the

pore space.

1. Introduction

In general, two parameters are used to describe the trans-
port of inert (i.e., nonadsorbing, nondegradable, and nonvol-
atile) solutes through the soil: (1) the average velocity of the
solute plume v (L T™!') and (2) the dispersion of the solute
plume as it travels through the soil. The solute plume velocity
v is simply related to the spatially averaged water flux J,, (L
T~') and spatially averaged volumetric water content 6 as v =
J./6. A convenient way to describe dispersion of a solute
plume, which is defined by macroscopically observed concen-
trations, is to track displacements of a large number of micro-
scopic dissolved particles, “solute particles.” The spatial distri-
bution of macroscopic concentrations is derived from the
distribution of particle locations. The description of dispersion
by continuous motions of microscopic dissolved particles was
initiated by Einstein [1905] to describe molecular diffusion in
aqueous solutions, used by Taylor [1921] to describe dispersion
in a capillary, by Saffman [1960] to describe dispersion in a
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pore network, and by Dagan [1982] to describe dispersion in a
heterogeneous aquifer.

Therefore the key to understanding the dispersion of inert
solutes in a soil is the velocity distribution of the microscopic
particles in combination with the velocity changes along the
particle trajectories. A “mixing” time ¢* (T) that corresponds
to the time interval when a particle travels with a constant
velocity or “remembers” its velocity defines the particle’s ve-
locity changes along its trajectory. Since the process that moves
particles into regions with other velocities and makes particles
change their velocity is often related to a lateral, i.e., transverse
to the mean flow, displacement, it is called the “lateral mixing”
process [Koch and Fliihler, 1994; Fliihler et al., 1996]. A com-
parison between the particle travel time and the mixing time
forms the basis for discrimination between different “transport
processes” or “mixing regimes” [Simmons, 1982; Jury and Flii-
hler, 1992]. If the “mixing” time ¢* is much smaller than the
solute travel time, the dispersion of a solute plume can be
described as a Fickian, concentration-gradient-driven process
[Dagan, 1989], and the transport process is called a convective-
dispersive process. For this transport process or mixing regime
the classical convection dispersion equation (CDE), assuming
macroscopically uniform flow, can be used to predict the plume
dispersion. However, the CDE failed to describe the observed
dispersion in several transport experiments in soils [e.g., Corey
et al., 1963; Butters and Jury, 1989; Khan and Jury, 1990]. In
some soils the mixing time was longer than the average travel
time, and solutes were incompletely mixed laterally between
regions with high and low velocities. The opposite of a con-
vective-dispersive process is the so-called stochastic-convective
process [Simmons, 1982], which describes the dispersion of the
plume when the travel time of the particles is much smaller
than ¢*. Stream tube models [e.g., Simmons, 1982; Jury, 1982]
that assume a constant particle velocity along its trajectory and
no lateral solute mixing were used to predict solute transport
for a stochastic-convective transport process.
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Both convective-dispersive and stochastic-convective pro-
cesses are so-called asymptotic transport processes and apply
for solute travel times which are much larger and much
smaller, respectively, than the mixing time ¢*. To bridge the
gap between these asymptotic processes, transport models that
conceptualize lateral solute mixing must be used. These mod-
els can be subdivided into two classes. In the first class, lateral
solute mixing and the mixing time are derived from the spatial
distribution of macroscopic hydraulic properties using stochas-
tic-continuum flow and transport equations [e.g., Russo, 1995a,
1995b]. In the second class of models, multidomain models, the
porous medium is subdivided in two [e.g., Coats and Smith,
1964; van Genuchten and Wierenga, 1976; Jarvis et al., 1991,
Chen and Wagenet, 1992; Gerke and van Genuchten, 1993] or
more [Steenhuis et al., 1990; Skopp and Gardner, 1992; Gwo et
al., 1995; Durner and Fliihler, 1996] subdomains in which sol-
utes advectively move at different velocities and between which
solutes are exchanged by diffusion and/or advection.

The variability of the advection velocities and the ratio of the
mixing time to the travel time, or the “mixing regime,” are
‘determined by the spatial structure of the flow field in the
porous medium, which is, in turn, related to the structure of
the porous medium. Therefore soil characteristics that are
related to the structure of the porous medium are most likely
closely related to dispersion process and transport parameters.
At the microscopic scale, local variations in advection velocity
result from the irregular nature of the pore network. Klotz et al.
[1980] observed larger dispersion in aquifer sediments with a
larger grain size (longer pore length and “mixing” time ¢*) and
a wider grain size distribution (larger variability in pore sizes
and microscopic advection velocities). A correlation between
the width of the pore size distribution, which was derived from
the retention curve, and the dispersion in soil cores was re-
ported by Vervoort et al. [1999). At a larger scale the size and
geometry of soil peds or aggregates influence the lateral mixing
regime and dispersion process. Vervoort et al. [1999] present a
conceptual relation between soil structural development stage
and the degree of preferential flow, which is the opposite of
lateral mixing. At the macroscopic scale the structure of the
flow field depends on the variability and the spatial correlation
of the hydraulic conductivity [Russo, 1995a, 1995b]. Kasteel
[1997] and Vanderborght et al. [1997b] predicted solute disper-
sion observed in a field-scale leaching experiment from the
spatial variability of measured soil hydraulic properties.
Vanderborght et al. [1997b] concluded that the mixing regime
could be fairly well reproduced for smaller flow rates if small
correlation scales of the hydraulic properties were assumed.
For higher flow rates the dispersion was largely underesti-
mated owing to a large variability of particle velocities at the
pore scale when macropores were activated.

In unsaturated media the structure of the water-filled pore
space and, hence, the flow field depends on the saturation
degree [Flury et al., 1994]. Especially when macropores, which
deviate by virtue of their size and continuity from the micro-
pores between normally packed solid particles in the soil ma-
trix, are activated, the variance of local advection velocities and
the ratio of the mixing time to the travel time increase dra-
matically with increasing flow rate [e.g., White, 1985; Dyson and
White, 1989; Bouma, 1991]. On the other hand, a decrease in
water saturation may result in larger tortuosity of the solute
trajectories, a disconnection of continuous flow paths, and a
physical nonequilibrium due to a slow diffusive exchange of
solutes between mobile and immobile pore regions. Conse-
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quently, in some experimental studies [e.g., Corey et al., 1963;
De Smedt et al., 1986; Maraqa et al., 1997] a higher solute
dispersion was found for unsaturated than for saturated flow
conditions. Analysis of flow and transport in unsaturated soils
with spatially varying macroscopic soil properties using sto-
chastic-continuum equations has revealed that the macro-
scopic pore water velocity distribution and the ratio of the
mixing time to the travel time depend largely on the saturation
degree and, hence, flow rate [e.g., Russo, 1995a, 1995b; Roth
and Hammel, 1996]. Under dry conditions the plume disper-
sion was found to decrease with increasing flow rate.

Since the mixing time ¢* and the variance of the advection
velocities and, hence, the solute dispersion in natural soils are
very difficult to derive directly from measurable soil properties,
there is still a large demand for experiments that characterize
solute transport in soils [Flihler et al., 1996]. Especially infor-
mation on which transport model and which model parameters
can be best used for a specific soil type and how they might
depend on the saturation degree of the soil and the boundary
conditions is still missing.

The objectives of this paper are threefold. First we investi-
gate the link between soil structure and mixing regime. Since
important information about the structure of a soil profile is
embedded in diagnostic features that are used in soil classifi-
cation systems, we look for a relation between the lateral
mixing regime and these diagnostic features. Second we inves-
tigate the effect of the experimental condition, the scale of
experiment and the applied boundary conditions that define
the saturation degree in the soil, on the observed solute trans-
port. Finally, we investigate whether information about the
pore network that is contained in the hydraulic conductivity
curve can be linked to the observed solute dispersion process
in different soils and for different boundary conditions using a
multidomain conceptualization of the pore space. To achieve
these objectives, we summarize the results of leaching experi-
ments that were carried out in a range of soils at different
scales and for different leaching rates [Jacques et al., 1998;
Seuntjens et al., 1999; Vanderborght et al., 1997a, 2000a].

2. Theory

2.1. Definition of Longitudinal Dispersion Coefficient
D, , Longitudinal Dispersivity A;, and Identification
of “Mixing Regime”

For a convective-dispersive mixing regime (travel time much
greater than mixing time ¢*) the dispersion of the plume is
described by the convection dispersion equation (CDE), and
the longitudinal dispersion coefficient D, (L* T~') defines
the dispersion of the plume in the direction of the flow. This
dispersion coefficient is related to the variance of the local
advection velocities, o2 (L* T~?), and the mixing time ¢* as
[e.g., Dagan, 1989; Jury and Roth, 1990]

D, = okt* + D,,

)

with D, (L2 T~ ") the effective molecular diffusion coefficient.
The dispersion coefficient D, defines the spread of solute
travel distances, Var (z; t) (L?), around the average travel
distance, E(z; t) (L), in the direction of the mean flow at a
certain time ¢. Alternatively, D, defines the spread of solute
arrival time, Var (¢; z) (T?), around the average solute arrival
time E(t; z) (T) at a certain depth z [Jury and Sposito, 1985]:

_Var(z;8) _ Var (1 z)z?
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The travel distance and travel time statistics are derived from
concentration depth profiles and time series, respectively, of
solute fluxes for a spatial concentration and a temporal solute
flux spike at ¢t = 0 and z = 0, respectively [e.g., Jury and Roth,
1990]:

J 0C(z; )z — E(z; )]* dz

Var (z; t) = M ,
0

j 0C(z; t)z dz

E(z;¢) = M,

for J 8C(z; t) dz = Myd(2)|,=0 3

J Js(t; 2){t — E(¢t; 2))* dt
M, ’

Var (¢; z) =

J Js(t; z)t dt

E@; z) = M,

, for Js(t; z) = Myd(¢)|,-o,
where C(z; t) (M L~?) is the averaged concentration across
a horizontal surface at depth z and time ¢, 8 (L® L~3) is the
volumetric water content, Js(t; z) (M L~2 T ") is the solute
flux across a compliance plane which is perpendicular to the
mean flow direction, M, (M L~2) is the amount of solute
mass added per unit area, and 8(z) (L") and 8(¢) (T~ ') are
Dirac functions. If the plume dispersion in a vertically homo-
gencous soil profile can be predicted by the classical CDE, D,
and v = z/E(t; z) are constants, so that from (2) follows
Var (z; ¢) ~ t and Var (¢, z) ~ z.

Even if the CDE cannot predict dispersion, (2) can still be
used to define “apparent” dispersion coefficients, either at a
certain travel time from the spatial moments of the plume or at
a certain travel distance from the temporal moments of break-
through curve (BTC). For a stochastic-convective mixing re-
gime (travel time much less than mixing time ¢*) the variance
of the microscopic particle locations, Var (z; t), and the vari-
ance of particle arrival times at a compliance surface, Var (f; z),
increase quadratically with travel time and travel distance,
respectively [Simmons, 1982; Jury and Roth, 1990]. Hence, for
a stochastic-convective transport regime, the apparent disper-
sion coefficient that is derived using (2) is a linear function of
travel time and mean solute displacement. As a consequence,
the change of the apparent D; with travel time or travel
distance can be used to identify the “mixing regime” in the soil.

2.2. Horizontal-Scale Effect on D,

Besides scaling of D; with depth due to a lack of lateral
solute mixing, D; may also scale with the horizontal scale
across which concentrations are averaged. The variability of
arrival times or travel distances that are observed in a break-
through curve (BTC) or depth profile of concentrations re-
flects the variability of advection velocities within this horizon-
tal averaging scale only. Therefore, when advection velocity
variations are present at a larger scale, the observed variance
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of travel times and travel distances increases with increasing
horizontal averaging scale. The horizontal-scale effect is inves-
tigated by averaging BTCs that are measured at several loca-
tions along a horizontal transect using the procedure discussed
by van Wesenbeeck and Kachanoski [1991]. For a certain hor-
izontal averaging scale x, observation points along the transect
that are at most a distance x separated were grouped. Within
each group an average BTC was calculated from the BTCs at
the different locations in the group, and the dispersion coeffi-
cient was derived from the averaged BTC. The dispersion
coefficient for a horizontal averaging scale x is the average
dispersion coefficient of the different groups.

2.3. Definition of Longitudinal Dispersivity A, and
Effective Flow Rate J, . and Identification of the
Effect of the Flow Rate or Saturation

Degree on the Dispersion Process

If the geometry of the water-filled pore space does not
change with the flow rate and if the local flow rate is propor-
tional to the macroscopic head gradient, the coefficient of
variation of the solute velocities CV,, = /v is independent of
the average flow rate and, hence, a material constant. If mo-
lecular diffusion drives lateral solute mixing, e.g., lateral mixing
within a pore [Taylor, 1953] and diffusion into dead-end pores
[Coats and Smith, 1964], the mixing time does not depend on
the flow velocity, so that D, ~ v? [Passioura, 1971]. If lateral
mixing is driven by advection rather than diffusion, the solute
mixing time is inversely proportional to the average flow rate,
t* = I*/v with I* a characteristic pore length [Skopp and
Gardner, 1992]. As a consequence,

oit* = CVi*v = Ao,

4)

where A, (L) is the dispersivity, which is a material constant.
From (1) and (4) it follows [Bear, 1972]

DL= ALv+D0- (5)

However, in unsaturated soils, an increase in flow rate results
in the activation of larger pores, and neither CV,, nor [* can be
assumed to be invariant with v. The effect of the flow rate and
degree of saturation on the spatial structure and variability of
the flow field in unsaturated soils can be inferred from changes
of A, with flow rate and saturation degree.

For transient flow leaching experiments it is important to
define the mean flow rate during a transient flow experiment so
that the observed dispersivity can be linked to a flow rate
parameter. For a periodic transient flow regime (quasi steady
state) with only downward water fluxes a time-averaged flow
rate (J,,) and an effective flow rate J,, . are defined in terms of
the time, A¢, between the start of subsequent water applica-
tions and the water depth 7 (L) that is applied during each
application [Vanderborght et al., 2000b]:

. = I/At, (6)

1 z A
= 2 ' ' ! !
Jweff(z) = ZAt(Jw) L JO JW(Z , 1 ) dt' dz , (7)

where J,(z, t) is the water flux at depth z and time ¢. The
effective flow rate J, i is the average flow rate of a set of water
packages with equal volume that cross a certain depth in the
soil profile. In a similar vein the time-averaged water flux (J,,)
is the average flow rate of a set of (possibly empty) water
packages that are collected over a constant time interval at a
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Figure 1. Distribution of pore water velocities 4 in different pore classes A9 derived from the relation
between the hydraulic conductivity K and the water content 6.

certain depth in the soil profile. Therefore (J,,) can be inter-
preted as a measure for the flow rate at which water is flowing
most of the time whereas the effective water flux J,,(z)
represents the flow rate at which most of the water passes a
certain depth in the soil profile. Because of the highly nonlin-
ear flow process in unsaturated soil, temporal fluctuations of
water fluxes at the soil surface are buffered so that J,,.(2)
converges to (/,,) deeper in the unsaturated soil profile. The
depth at which J,, .¢( z) virtually converges to (/,,) depends on
the hydraulic soil properties and the frequency and dose of the
water application. For frequent applications of small water
doses, J,,.(2z) may be approximated by (J,,) in virtually the
entire soil profile.

Vanderborght et al. [2000b] derived this definition of
Jes{ 2). They found that for a dispersivity that depends on the
flow rate the spreading of a breakthrough curve observed dur-
ing a transient flow leaching experiment can be approximated
assuming a steady state flow leaching when the time coordinate
is transformed to a solute penetration depth coordinate and
the dispersivity is estimated from J,,.¢(z). The solute pene-
tration depth coordinate {(¢), or the depth of the solute front
at time ¢, is defined as

' . L)
J J(z=0;¢t')dt = J
0 0

Assuming that the water content and water flux remain con-
stant with depth over the narrow region of the displacement
front, the general form of the CDE reduces to a simpler steady
state form by transforming the time coordinate to the solute
penetration depth coordinate [De Smedt and Wierenga, 1978;
Vanderborght et al., 2000b].

0(z';t)ydz’. (8)

2.4. Multidomain Conceptualization of the Pore Space

A concept which allows the derivation of solute velocity
variability at the pore scale from the relation between the
hydraulic conductivity K (L T~') and the water content 8 is
the multidomain conceptualization of the pore space. This
concept was introduced by Steenhuis et al. [1990]. In this model
the pore space is subdivided into different subclasses A6,, and

the pore water velocity u; (L T~') in each subclass is esti-
mated assuming a unit hydraulic gradient as

AK(8)
ul = A 0’ ] (9)

where AK(6,) = K(8,_, + A6,) — K(6,_,) is the increase
in hydraulic conductivity when the pore class A6, is filled with
water. Replacing (9) by its differential form, the distribution of
pore water velocities PDF(u; 6, J,,) and the variance of pore
water velocities ¢2(8, J,,) are defined for each degree of
saturation or water flux [Durner and Fliihler, 1996]:

1 "“w)(dK(o’) 2 (K[G(Jw)] 2
euw)J 2) 40 - (555 )

=0

ox(6;J],) =

(10)
Figure 1 illustrates the velocity distribution in different pore
classes A 6;, which is derived from the K(8) relation. Note the
different scales of the hydraulic conductivity and the velocities.
Because of the steep K(8) when the soil is close to satura-
tion, the velocities in the last filled pore classes are very large.
As explained in section 2.1, to predict the solute dispersion,
information about the mixing time ¢* is also required. Skopp
and Gardner [1992] assumed that the exchange rate of solutes
between different pore regions is linearly related to the advec-
tion rate in the pore regions, so that t* = [*/v with [* a
characteristic pore length. Assuming that D can be neglected
and t* = [*/v, it follows from (4), (5), and (11) that

D
— =, =I*CV:

8w (e (aken)”
y WLO S| 4o -1], 1)
where CV2 = ¢2(0, J,)/v* and v = K[0(J],)]/0(J,).

3. Soil Properties and Experimental Setup

Leaching experiments were carried out in seven different
soils: a sandy soil with a deep humus-rich plaggen horizon and
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a shallow water table (Gleyi-Plaggic Anthrosol (Arenic), Food
and Agriculture Organization [1998)), a sandy soil with an elu-
vial horizon overlying a horizon with iron and organic carbon
accumulation (Haplic Podzol), a sandy soil with an eluvial
horizon overlying a highly degraded illuvial clay horizon (La-
mellic Arenosol), a sandy loam soil with a highly degraded
illuvial clay horizon (Lamelli-Luvic Arenosol (Eutric)), a loam
soil consisting of a layer of colluvial material overlying a buried
illuvial clay horizon (Eutric Regosol), a silt loam soil with a
plough layer overlying an illuvial clay horizon (Eutric Luvisol),
and a silt loam soil with an illuvial clay horizon in which vertical
tongues of clay and iron-depleted material are present (Silti-
Stagnic Albeluvisol). Photographs of the different soil profiles
are shown in Plate 1. For the Lamelli-Luvic Arenosol a picture
of a similar profile taken at another location is shown. The
textural composition, organic carbon content, and bulk density
of the different soil horizons are listed in Table 1. The shallow
water table in the Anthrosol bleached the sand under the
plaggen horizon nearly completely. In the illuvial clay horizons
of the Lamellic Arenosols the clay accumulations form clearly
visible horizontal bands.

The parameters of the 6 (h) and K(k) (h (L) is the suction
head) model functions of the different soils are listed in Table
2. Except for the Podzol and the Albeluvisol, two methods
were combined to determine K(%): the crust method [Bouma
et al., 1983] for low suctions (up to 50 cm suction) and the
hot-air method [Arya et al., 1975] for high suctions. For the
Albeluvisol, K(h) was determined on 5 cm diameter and 5.1
cm high samples using the multistep outflow method [van Dam
et al., 1994]. For the Podzol, saturated hydraulic conductivities
were derived from infiltration experiments. Since different
functions were used to describe 0 (k) and K(h), the hydraulic
properties of the different soils cannot be compared directly
from the parameters given in Table 2. In Figure 2 we plotted
the conductivity K versus the relative degree of saturation ® =
[6(h) — 6,]/(6, — 6,) (8, is the saturated and 6, is the
residual volumetric water content) for the different soil hori-
zons. The K(®) relation is used to estimate the solute disper-
sion for a specific leaching rate based on the multidomain
conceptualization of the pore space (equation (11)).

We performed leaching experiments with CaCl, as a tracer
to characterize the transport properties of the different soils.
The tracer experiments were carried out in 1 m long undis-
turbed soil monoliths (two replicates for each soil) with a
diameter of 0.3 m (small lysimeters) or 0.8 m (large lysimeters)
and in 4.5 by 12 m field plots where concentrations were mea-
sured along a 8 m long by 0.9 m deep transect. We monitored
the displacement of the initial soil solution by the CaCl, solu-
tion at several depths in the soil profile using horizontally
installed time domain reflectometry (TDR) probes that mea-
sured the bulk soil electrical conductivity. In some of the ly-
simeter experiments, concentrations were also measured in the
drainage water. To avoid water and solute redistribution in the
soil profile by upward water fluxes and plant uptake, soil sur-
faces were covered to minimize evaporation losses, and all
experiments were performed in bare soils. In some experi-
ments a steady state leaching rate was applied using a peristal-
tic pump or drip emitters. In the field experiments a virtually
steady flow rate was obtained using a sprinkler irrigation sys-
tem that frequently (0.3—-0.5 min application time every 20—48
min) applied small water doses (0.4—0.5 mm). For these ex-
periments, J,,.{z) was approximated by (/,,). In the other
experiments we periodically applied over a short time period
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the same amount of water to establish a quasi steady state flow
regime. To calculate the effective flow rate J,,.«( z) at a certain
depth in the soil profile (equation (7)), the water fluxJ,,(z, )
was calculated using a mass balance from the infiltration flux at
the soil surface (which was equal to zero when no water was
applied) and water content measurements at different depths
in the soil profile or from simulated water fluxes using the
Richards equation for the imposed flux boundary at the soil
surface. Table 3 summarizes information on the setup of the
leaching experiments. More detailed information on the ex-
periments is given by Jacques et al. [1998], Seuntjens et al.
[1999], and Vanderborght et al. [1997a, 2000a].

To determine the solute dispersion and the mixing regime,
an apparent dispersivity A, was derived at each observation
depth by fitting the solution of the steady state flow convection
dispersion equation (CDE) to the observed time series of con-
centrations or breakthrough curve (BTC). The solution of the
CDE for a third and first type boundary condition at the soil
surface was used for the in situ TDR measured resident con-
centration and the flux concentrations measured in the efflu-
ent, respectively [Parker and van Genuchten, 1984]. It should be
noted that estimating A, from fitting the solution of the CDE
to a BTC of in situ measured resident concentrations implies
the a priori assumption of a convective-dispersive transport
process. Viewing a stochastic-convective process falsely as a
convective-dispersive one leads to a small overestimation of A,
when the solution of the CDE is fitted to a resident concen-
tration BTC [Jacques et al., 1998]. Therefore, in case transport
was described as a stochastic-convective process, we used the
procedure proposed by Jacques et al. [1998] to derive D, from
BTCs of resident concentrations.

The maximum solute travel distance that is considered in
our experiments (1 m for the lysimeter experiments and 0.9 m
for the field plot experiments) is relatively small compared with
the travel distances that were suggested by Jury and Sposito
[1985] to investigate solute dispersion and mixing regime. Vari-
ability in local concentrations measurements obtained from
suction samplers that sample only a small volume of soil, un-
certainty in the observed concentration mode (resident or flux)
by suction samplers, and the nonsteady water flow close to the
soil surface may lead to large uncertainty on measured con-
centrations, so that a large travel distance is required to dis-
criminate between different mixing regimes. With TDR the
uncertainty on the concentration measurements is reduced
since the measurement volume of the TDR probes is consid-
erably larger and volume-averaged or resident concentrations
are measured. TDR measurements can be made with a high
temporal resolution, and the effect of transient water flow on
solute transport can be monitored. These factors reduce the
uncertainty on measured concentrations so that the mixing
regime can be determined for the travel distances considered
in this study.

4. Results and Discussion
4.1. Horizontal-Scale Effect

For the two field-scale experiments, one in the Regosol and
one in the Albeluvisol, the effect of the horizontal observation
scale on the estimated solute dispersion was evaluated from
concentration measurements at 24 locations (separation dis-
tance 0.33 m) along a 8 m long horizontal transect [Jacques et
al., 1997]. In Figure 3, A, is plotted versus the horizontal
averaging scale x. For both soils, A; increases little with in-
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Gleyi-Plaggic Anthrosol (Arenic) Haplic Podzol

Lamellic Arenosol Lamelli-Luvic Arenosol (Eutric)

Plate 1. Pictures of soil profiles.
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Eutric Regosol

Silti-Stagnic Albeluvisol

Plate 1.

Eutrne Luvisol
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Table 1. Texture, Organic Carbon Content, and Bulk Density for the Soils Used in Leaching Experiments

Organic C, Bulk Density,
Horizon Depth, cm Clay, g kg™ Silt, g kg™! Sand, g kg™! gkg™? gcm™3
Gleyi-Plaggic Anthrosol (Arenic)
Apl 0-30 50 100 850 19.8 1.62
Ap2 30-56 55 109 836 17.4 1.65
Cgl 56-100 45 113 842 23 1.74
Haplic Podzol
A 0-7 1 3 996 3.65 1.31
E 7-15 2 4 994 0.78 1.59
Bhi 15-23 11 11 978 3.03 13
Bh2 23-28 15 13 972 1.23 1.38
Bh/C 28-38 14 2 985 0.55 1.41
C1 38-49 8 7 985 0.3 1.52
(07} 49-71 2 3 994 0.13 1.56
Lamellic Arenosol
Ap 0-15 63 48 889 44.5 0.84
E 15-33 30 65 905 35 152
E-Btgl 33-60 33 74 893 1.5 1.65
E-Btg2 60-90 40 94 866 1.3 1.72
Cg 90-100 29 27 944 1.0 1.70
Lamelli-Luvic Arenosol (Eutric)
Apl 0-30 90 292 618 22 1.48
Ap2 3048 85 322 593 17 1.56
E 48-75 82 386 532 5 1.48
E-Btg 75-100 74 390 536 4 1.47
Eutric Regosol
Ap 0-25 127 476 397 6 1.42
C1 25-55 166 434 400 3 1.54
c2 55-100 218 581 201 4 1.52
Eutric Luvisol
Ap 0-28 156 657 187 15.7 1.44
Bt 28-54 250 489 261 145 1.54
BC 54-100 207 568 225 10.5 1.61
Silti-Stagnic Albeluvisol
Ap 0-30 189 664 147 17 na*
Eg 3040 183 666 151 9 na
Btgl 40-60 233 613 154 4 na
Btg2 60-100 236 561 203 5 na

#Not available.

creasing x, which indicates that most of the solute dispersion is
observed when concentrations are averaged over a relatively
small horizontal scale. We conclude that for these two soils,
dispersivities derived from tracer experiments in undisturbed
soil columns with dimensions of the “small” or “large” lysim-
eters are of similar magnitude than those obtained from field
experiments. For instance, leaching experiments were carried
out in two “small lysimeters” taken from the Regosol under
similar conditions as those for the field experiment. The A,
derived from BTCs measured in these lysimeters were similar
to dispersivities derived from field-scale averaged BTCs (i.c.,
A (z = 100 cm) = 11.1 cm in the small lysimeters, and
A (z = 90 cm) = 6.4-8.6 cm in the field experiment).

It should be noted that horizon thickness in both soils did
not change considerably along the transect. In soils with spatial
variations of horizon thickness, important horizontal redistri-
bution of water and solutes may occur over a larger horizontal
scale [e.g., van Wesenbeeck and Kachanoski, 1994; Ward et al.,
1995]. Neither lenses of coarse-textured material, which could
act as capillary barriers, nor highly compacted layers such as
plow layers, which obstruct flow, were observed in these soils.
Above such flow barriers, water and solutes can be horizontally

redistributed over significant horizontal distances [e.g., Kung,
1990a, 1990b].

4.2. Vertical-Scale Effect and Mixing Regime

Figure 4 shows A, as a function of depth z in the six different
soils. Also shown are the coefficients of determination R?
between log,, (z) and log,, (A,). A log,, transformation was
done to stabilize the variance of the residuals so that statistical
inference about R? is meaningful [Neter et al., 1990].

Based on the behavior of A, with z, two groups of soils can
be defined: one soil group (i.e., Anthrosol, Regosol, Luvisol,
and Albeluvisol) in which A, increases significantly with z,
indicating incomplete lateral solute mixing, and one group
(i.e., both Arenosols, Podzol, and the Regosol) in which A,
remains fairly constant or even decreases with z, indicating
complete lateral solute mixing. The group to which a soil be-
longs may depend on the flow rate during the leaching exper-
iment. For instance, at a low leaching flow rate (J,, = 1.3 cm
d™'), A, remained constant with z in the Regosol whereas A,
increased with z at higher flow rates (e.g., in Figure 4,7, = 7.1
cm d~'). This indicates that the lateral solute mixing regime
may change with changing flow conditions in the soil. Figure 4
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Table 2. Parameters of Hydraulic Functions 6 (4)* and K(h)® for Different Soils Investigated®
0, 0, a, cm™! n m K,,cmd™! B N
Gleyi-Plaggic Anthrosol (Arenic)
Apl 0.012 0.354 0.001 1.09 1 154 0.144 1.66
Ap2 0.006 0.361 0.0011 0.97 1 2.0 0.02 2.03
Cgl 0.028 0.292 0.01 1.67 1 27.6 0.055 2
Lamelli-Luvic Arenosol (Eutric)
Apl 0.052 0.418 0.0028 1.04 1 49.2 0.095 2.26
Ap2 0.049 0.385 0.0034 1.1 1 74.4 0.135 233
E 0.063 0.374 0.0067 2.57 1 39.1 0.03 3.67
E-Btg 0.051 0.371 0.0065 1.96 1 43.6 0.038 29
Eutric Luvisol
Ap 0.075 0417 0.0018 0.8 1 1.2 0.043 1.56
Bt 0.113 0.416 0.0012 0.55 1 7.1 3.581 1.12
BC 0.123 0.398 0.0013 0.69 1 4.9 1.851 1.15
6, 0, a, cm ™! n m K,cmd! @, cm™! n I
Haplic Podzol
A 0.065 0.48 0.016 1.94 0.48 93 0.016 1.94 0.5
E 0.035 0.42 0.015 321 0.69 311 0.015 321 0.5
Bhl 0.042 0.47 0.016 1.52 0.34 39 0.016 1.52 0.5
Bh2 0.044 0.46 0.028 2.01 0.50 860 0.028 201 0.5
Bh/C 0.039 0.46 0.023 2.99 0.67 1198 0.023 2.99 0.5
C1 0.03 0.42 0.021 3.72 0.73 1218 0.021 3.72 0.5
C2 0.021 0.39 0.021 433 0.77 1206 0.021 433 0.5
Eutric Regosol: All Horizons (Scaled 6(h) and K(6))
0.001 04 0.011 1.29 0.22 38 0.026 1.43 0.5
Silti-Stagnic Albeluvisol

Ap, 0-0.1 m 0.025 0.401 0.019 1.29 0.22 215 0.029 1.12 1.17
Ap, 0.1-0.3 m 0.019 0.396 0.017 1.27 0.21 388 0.044 1.24 5.16
Eg, 0.3-0.5m 0.003 0.391 0.017 1.24 0.19 1.9 0.035 1.38 2.83
Btgl, 0.5-0.7 m 0.037 04 0.033 1.27 0.21 79.6 0.032 1.31 1.89
Btg2, 0.7-0.9 m 0.024 0.394 0.044 1.24 0.2 869 0.082 121 -1.69
Btg2, 0.9-1 m 0.004 0.396 0.012 1.22 0.18 225 0.202 1.43 -09

29(h) = 0, + (6, — 6,)/{[1 + (ah)"]™} [van Genuchten, 1980].

*K(h) = K,/[1 + (Bh)™] [Gardner, 1958] is used for Gleyi-Plaggic Anthrosol (Arenic), Lamelli-Luvic Arenosol (Eutric), and Eutric Luvisol,
while K(h) = K, {1 — (ah)"" 1 + (ah)"]Y""'}2/{[1 + (ah)"]"'~V"} [van Genuchten, 1980] is used for Haplic Podzol, Eutric Regosol,

and Silti-Stagnic Albeluvisol.
°Lamellic Arenosol not available.

further illustrates that A, may increase by more than a factor
10 over a travel depth of 1 m. The vertical scale of the transport
experiment or the length of the soil columns is hence much
more important than the horizontal scale of the experiment for
the observed solute dispersion in these soils.

The lateral solute mixing regime in a specific soil could be
linked to morphological features of the soil profile. In the
Podzol the apparent dispersivity reaches a constant value be-
low the top of the spodic horizon. This indicates that this
cemented layer with a high bulk density and lower conductivity
(see Table 2 and Figure 4) enhances lateral solute mixing. The
horizontal bands with a finer texture which are alternated with
layers with a coarser texture in the lamellic illuvial clay horizon
of the Lamellic Arenosols (see Plate 1) can promote lateral
solute mixing and, hence, a convective-dispersive transport re-
gime. Roth et al. [1991] also attributed the convective-
dispersive transport regime of the main solute plume, which
was observed in their field-scale experiment, to lateral solute
mixing at the interfaces between different soil layers. Dye
tracer experiments in artificial soil columns with coarse-
textured layers alternated with finer-textured layers indicated
that lateral mixing is enhanced at the interface between a
coarse-textured layer overlying a finer-textured layer [Koch

and Fliihler, 1994]. On the other hand, funneling of streamlines
and formation of preferential flow paths occurs when the
streamlines pass from the fine to the coarse material [Koch and
Fliihler, 1994]. However, the next interface from coarse to finer
material induces again lateral mixing, so that the travel dis-
tance or travel time in preferential flow paths without lateral
mixing remains small for a small vertical distance between the
horizontal bands with a finer texture. Also, the formation of
unstable wetting fronts and preferential flow paths under tran-
sient flow conditions is largely reduced by alternated coarse
and fine horizontal soil layers [Wang et al., 1998]. Finally, even
if the horizontal stratification of the soil profile does not influ-
ence the flow regime, it indicates that flow in the Lamellic
Arenosols is relatively uniform since the layers are formed by
illuviation of clay colloids. If flow were very heterogeneous,
horizontal illuvial horizons could not have developed in the
soil profile.

On the other hand, vertical structures or “tongues” of
coarser textured material in the illuvial clay horizon of the
Albeluvisol could act as preferential flow paths, reduce the
lateral mixing of solutes, and explain the stochastic-convective
mixing regime observed in this soil. Dye tracer experiments in
a soil with a similar degraded illuvial clay horizon [Géahwiller,
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Figure 2. Hydraulic conductivity K as a function of the rel-
ative water saturation, ® = (6 — 6,)/(6, — 0,), in the
different horizons of the soil profiles. Labels indicate the soil
horizons (for the Albeluvisol the depth of the soil layer where
samples were taken is indicated). Triangles indicate the effec-
tive flow rates J,, . (equation (7)) at the bottom of the soil
columns during the leaching experiments.

1997] clearly indicated that the dye tracer was preferentially
transported through these tongues.

In the Anthrosol, besides the abrupt boundary between the
dark plaggen horizon and the white, leached out sand below,
no morphological structures were visible. However, the plag-
gen horizon was water-repellent when dry. Small spatial vari-
ations in water repellency can result in considerable horizontal
redistribution of water and solutes into locations where the
water repellency is relatively low [Ritsema and Dekker, 1995].
This mechanism leads to preferential flow with less lateral
solute mixing and, hence, a stochastic-convective mixing re-
gime. In the underlying homogeneous sand horizon, redistri-
bution by capillary forces of water and solutes out of the
preferential flow paths is small, and no banded horizontal
structures, which could promote horizontal redistribution, are
observed in this soil. Ritsema et al. [1998] showed that in water-
repellent soils the preferential flow paths are formed at the
same locations when the soil is wetted. They suggested that
because of leaching of water-repellent organic substances from
locations where the preferential flow paths are generated,
there is a positive feedback mechanism which fixes the loca-
tions of flow paths and induces preferential flow.

Finally, the lack of lateral solute mixing and the stochastic-

VANDERBORGHT ET AL.: INERT TRACER EXPERIMENTS IN KEY BELGIAN SOIL TYPES

convective transport process in the Regosol and Luvisol soils
can be attributed to fast solute transport through wormbholes,
root channels, and large interaggregate cracks bypassing the
solution in the soil matrix. Experiments with dye tracers in the
Regosol indicated a continuous network of macropores down
to a depth of 1 m in the soil profile [Vanderborght et al., 2000a].
Macropore flow is especially important when the hydraulic
conductivity of the soil matrix is small because of the fine
texture of the soil material, since flow and transport through
macropores are generated at flow rates that exceed the hydrau-
lic conductivity of the soil matrix. For lower flow rates, flow
and transport occur primarily through the smaller pores of the
soil matrix, and the macropores remain empty, so that the
applied tracer solution is better laterally mixed across all con-
ducting pores. The shift in mixing regime with changing flow
rate was clearly seen in the Regosol, with a convective-
dispersive transport process at lower flow rates changing to a
stochastic-convective process at higher flow rates.

The previous discussion illustrates that morphological fea-
tures in the soil profile can serve as indicators of a certain
mixing regime. However, in the same profile, indicators of the
two opposite mixing regimes, stochastic-convective and con-
vective-dispersive, might be present, making the prediction of
the mixing regime from morphological features ambiguous.
This ambiguity partly results from representing the entire spec-
trum of mixing regimes by two classes that correspond with the
extremes of the spectrum, i.e., no lateral mixing at all (stochas-
tic-convective) versus complete lateral mixing (convective-
dispersive). For instance, the vertical patterns in the E-Btg
horizon of Lamelli-Luvic Arenosol and the C1 and C2 horizons
of the Podzol would suggest a stochastic-convective process.
On the other hand, the horizontal bands in the Lamelli-Luvic
Arenosol and the cemented spodic horizon in the Podzol pro-
mote lateral mixing and are indicators of the convective-
dispersive process that we observed in all leaching experiments
in these soils. Therefore, in our experiments the indicators of
lateral mixing were more strongly related to the mixing regime
than the indicators of preferential flow. Yet more research is
definitely required to identify indicators that are more strongly
related to the mixing regime and under which conditions.

4.3. Effect of Flow Rate on Solute Dispersion

Figure 5 shows the observed breakthrough curves in the
Regosol at a depth of 72.5 cm under steady state and transient
flow conditions. In both the steady state and transient flow
experiments, 2.8 cm of water were infiltrated every day ({/,,) =
2.8 cm d7!, equation (6)). However, in the transient experi-
ment, this amount of water was infiltrated daily during a period
of 3 hours with a constant infiltration rate of 22.2 cm d~'. As
a consequence, the effective flow rate at the observation depth
was much larger for the transient (J,,.& = 17.6 cm d™!, equa-
tion (7)) than for the steady state experiment (J,, . = (J,,) =
2.8 cm d™Y). Figure 5 clearly illustrates that the solute disper-
sion is much larger under transient than under steady state
flow conditions and that J,, ., rather than (/) determines
solute dispersion. In all soils in which we did leaching experi-
ments at different flow rates (i.e., all soils except the Albelu-
visol, the Podzol, and the Lamellic Arenosol) we found that A,
increased with increasing J,, . In Figure 6, log;o (A,) in the
Lamelli-Luvic Arenosol and in the Regosol are plotted versus
log,o (J,ee)- This plot shows that in both soils, A, may in-
crease by a factor 10 with increasing J,, ... Therefore, besides
the vertical scale of the experiment, also the boundary condi-
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Table 3. Setup of Leaching Experiments: Size of the Soil Sample, Water Application Frequency and Application Time,
Leaching Rate (Time-Averaged, (J,,), and Effective, J,, ¢, Flow Rate at the Bottom of the Lysimeter), Initial Solute
Concentration C,,,, and Tracer Concentration in Displacing Solution C,

Water Application
Frequency, d™!
(Application Con M Co, M
Soil Sample Size Time, hours) T (T pege), cm d 71 CaCl, CaCl,
Anthrosol large lysimeter 1(=0.1) 0.5 (0.9) na® 0.0504
Anthrosol large lysimeter 1(=~0.1) 1.0(2.5) na 0.0115
Podzol large lysimeter continuous 1.0 0.005 0.05°
Lamellic large lysimeter continuous 30 na 0.0204
Arenosol
Lamelli-Luvic large lysimeter 1(=~0.1) 1.0 (3.5) na 0.0504
Arenosol
Lamelli-Luvic small lysimeter continuous 1.7-2.6 0.0054 0.0587
Arenosol
Lamelli-Luvic small lysimeter continuous 54-5.7 0.0054 0.0587
Arenosol
Lamelli-Luvic small lysimeter continuous 13.0 na 0.0587
Arenosol
Lamelli-Luvic small lysimeter 0.667 (2.5) 2.5(5.8)-2.3(10.3) 0.0587 0.0055
Arenosol
Lamelli-Luvic small lysimeter 1(4.5) 5.7 (13.3)-5.7 (22.0) 0.0587 0.0054
Arenosol
Lamelli-Luvic small lysimeter 1(7.5) 13.0 (21.6)-12.9 (25.7) 0.0587 0.0054
Arenosol
Regosol field continuous 2.84 na 0.5952°
Regosol small lysimeter continuous 13 0.0054 0.0234
Regosol small lysimeter continuous 2.8 0.0055 0.0467
Regosol small lysimeter continuous 6.8-7.4 na 0.0467
Regosol small lysimeter 1(3) 2.8(17.6) 0.048 0.0054
Regosol small lysimeter 1(3) 8.2 (56.9) 0.0467 0.0054
Luvisol large lysimeter 1(=0.1) 0.5 (0.98) na 0.0504
Luvisol large lysimeter 1(=0.1) 1.0 (2.6) na 0.0115
Albeluvisol field continuous 15 na 0.5441¢

#Not available.

PSolute pulse was applied. The pulse duration was 1 day.
“Solute pulse was applied. The pulse duration was 5.7 hours.
9Solute puise was applied. The pulse duration was 8.0 hours.

tions that determine the effective flow rate in the soil are
important to interpret dispersion coefficients derived from
leaching experiments in different soils.

4.4. Relation Between A\, and K(0)

In Figure 7, A, derived from BTCs observed at 1 m (0.9 m
for the Albeluvisol) below the soil surface are plotted versus

8 T T T T
6 - |
) —o— Regosol 1
S 4 | .
I S—— Albeluvisol A
2 — —

0 1 , 1 , 1 | ]
0 2 4 6 8

Horizontal scale (m)

Figure 3. Effect of the horizontal scale of the leaching ex-
periment on the observed dispersivity A; in the Regosol and
Albeluvisol.

CV2(e, J,). CV%(0, J,) (CV2(8, J,) for the transient
experiments) was calculated from the measured K(6) curves
in each soil horizon using (11). Except for the Anthrosol, CV?2
was arithmetically averaged across all soil layers and weighted
according to the thickness of a given soil layer. The weighted
arithmetic average corresponds to a weighted arithmetic aver-
age of the dispersivities in the different soil layers. It can be
shown for a convective-dispersive transport process and uni-
form water content in the soil profile that this average corre-
sponds to the apparent dispersivity derived from a BTC at the
bottom of the profile. Vanderborght et al. [2000a] show that
changes in water content with depth have only a minor impact
on the apparent dispersivity, so that a uniform water content
can be assumed even when the water content changes with
depth. In the Anthrosol, CV2 was calculated from the K(0)
curve of the top layer only. The CV2 values for the underlying
layers were considerably smaller, and including them led to a
too small CV2 for the A, observed in this soil compared to
A, (CV2) in the other soils. The A, (CV?2) (A, = 90-150 cm)
for the highest effective flow rate in the Regosol (J,,.¢ = 56.9
cm d™ ') was an outlier and was not included in Figure 7. For
the Lamelli-Luvic Arenosol, A, values were averaged over
leaching experiments with similar J, ;. Figure 7 illustrates that
much of the variability in A, observed between different soil
types and for different leaching regimes can be explained by
the K(8) relationship. Based on the coefficient of determina-
tion R?, around 70% of the observed variation in A, is ex-
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Figure 4. Dispersivity A, derived from a breakthrough curve at a certain depth in the soil profile, as a
function of depth z. (J,, . is the effective flow rate during the leaching experiment, and R? is the coefficient
of determination between log,, (A,) and log,, (z) and is only shown when R? is significantly larger than 0.)

plained by CV2. However, the standard deviation of the resid-
uals, o,., = 7.8 cm, is still rather large, and the parameters of
the regression function are apparently merely fitting parame-
ters without physical meaning. For instance, the negative in-
tercept suggests a negative dispersivity when CV2 — 0. The
slope of the regression line suggests a mixing length (/* =
0.96 cm), which is contradictory to the stochastic-convective
transport regime observed in some soil types. The large o, =
7.8 cm and the lack of physical meaning of the regression param-
eters obviously result from neglecting processes that define solute
dispersion in soils. Not accounting for local solute mixing due to
molecular diffusion leads to an overestimation of CV2 and, hence,
an underestimation of /*. Since /* is likely to depend on both the

soil type and the flow rate, assuming a constant /* leads to addi-
tional “noise” in the relation between A, and CV2. Furthermore,
the effects of spatial variability in macroscopic hydraulic proper-
ties on solute dispersion are not accounted for by the multido-
main conceptualization of the pore space, which considers only
variations of solute velocities at the pore scale. For instance,
the top layer of the Anthrosol is supposed to act as a funneling
layer, in which macroscopic preferential flow paths and vari-
ability in solute advection velocity are generated. As a conse-
quence, variations in advection velocity in the underlying soil
layers are not primarily caused by variations in advection ve-
locity at the pore scale. This could explain why the CV?2 derived
from the K(8) of these layers is immaterial for A, in this soil.
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Figure 5. Breakthrough curves measured in the Regosol at
72.5 cm below the surface during steady state and transient
flow. In the transient experiment, water was applied each day
during a short application period whereas it was applied con-
tinuously in the steady state experiment. In both experiments
the same amount of water was applied during 1 day. From
Vanderborght et al. [2000a).

Finally, the hydraulic conductivity was described by a “uni-
modal” function, which assumes a unimodal pore size distri-
bution. In macroporous soils, such a function may be insuffi-
ciently flexible to describe the hydraulic conductivity close to
saturation, where the conductivity increases dramatically with
increasing water saturation because of the activation of
macropores [Durner, 1994]. Since CV?2 depends on the slope
of the K(8) curve, CV2 is very sensitive to the description of
K(0) in a macroporous soil [e.g., Zurmiihl and Durner, 1996].
This, in combination with the increase of /* when long
continuous macropores are activated, could explain the out-
lying A, (CV2) for the highest flow rate in the Regosol (not
shown in Figure 7).

Lamellic-Luvic Arenosol
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Figure 6. Dispersivity A; versus effective flow rate J,, ¢ in
the Lamelli-Luvic Arenosol and the Eutric Regosol. (For the
Regosol, A, derived from BTCs at 1 m depth in the soil profile
are shown.) From Vanderborght et al. [2000a].
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Figure 7. Dispersivity A, observed in different soils and for
different flow rates versus the squared coefficient of variation
of pore water velocities CV2, which was calculated from the
hydraulic conductivity characteristic K(8) of the soil and the
effective flow rate during the leaching experiment.

5. Summary and Conclusions

Table 4 summarizes the lateral mixing regimes observed in
the different soils, i.e., convective-dispersive and stochastic-
convective, and the dispersivities A, derived from break-
through curves at 1 m below the soil surface for various effec-
tive flow rates J,, .4 By comparing results from leaching
experiments at various horizontal scales we found that trans-
port experiments in undisturbed soil columns of 30-80 cm
diameter yielded similar estimates of solute dispersion to field
experiments along 8 m long transects. This suggests that in the
soils we investigated, the scale of the heterogeneity of solute
advection velocities is relatively small in the horizontal direc-
tion. However, this conclusion must not be extrapolated to
soils with heterogeneous structures such as tongued soil layers,
coarser textured layers, and plow pans, which can promote
substantial horizontal water and solute redistribution over a
distance considerably larger than the size of columns used
here.

The vertical scale of the experiment is more important.
From the scaling of A, with depth, the mixing regime in the
soil profile can be derived, i.e., incomplete lateral solute mixing
if A, increases with depth and complete mixing if A, remains
constant with depth. If lateral solute mixing is incomplete, A,
can increase by more than a factor of 10 over a distance of 1 m.
The mixing regime can be linked to morphological features of
the soil profile. Leaching of substances is a very important
pedogenetic process, and the structure of eluvial and illuvial
horizons in the soil profile reflects a leaching process that takes
place over a much longer timescale, i.e., hundreds to thousands
of years, than the timescale of a leaching experiment. Yet,
despite the difference in timescale, our results indicate that the
structure of soil horizons can be linked to the mixing regime
observed in a leaching experiment. For instance, the horizon-
tally banded lamellic illuvial clay horizon in the Arenosols
indicates a homogeneous leaching of clay and iron oxides and
points at the convective-dispersive mixing regime which was
observed in this soil profile. Also, the cemented top part of the
spodic horizon in the Podzol apparently enhanced solute mix-
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Table 4. Summary of Transport Properties of the Different Soils Investigated: Lateral Mixing Regime, Longitudinal
Dispersivity A, , Observed at 1 m Below the Soil Surface, and the Relation Between A, and the Effective Flow Rate J,, ¢

Lamelli-Luvic
Arenosol

Lamellic

Anthrosol Haplic Podzol Arenosol Regosol Luvisol Albeluvisol

Lateral Mixing
incomplete (SC*) below top of spodic complete (CD) complete (CD)
horizon:
complete (CDP)

complete at low flow rate incomplete (SC)
(CD); incomplete at
higher flow rates (SC)

A, cm (Effective Flow Rate J, . cm d™)

incomplete (SC)

24 (0.9) 4.4 (1.0) 3.9(1.0) 9 (0.98) 6.7 (1.5)
39(25) ig 8;; 11.1 (2.8) 47 (2.6)
25 (5.6) 16.1 (7.1)
3.6 (13.0)
10.3 (21.6) 26.8 (17.6)
72 (22.0)
8.3 (30.0) 16.1 (25.7)
123.8 (56.9)
A, Increases with J,,¢?
yes na‘ na yes, s, yes na
AL = 0.39J0%, Ay = 3.44J0%

2Stochastic-convective.
®Convective-dispersive.
°Not available.

ing. On the other hand, the vertical tongues of iron- and clay-
depleted material in the illuvial clay horizon of the Albeluvisol
point at the stochastic-convective mixing regime observed in
this soil. Besides pedogenetic morphological features, also the
occurrence of macropores, especially in fine-textured soils
(e.g., Regosol and Luvisol), and of water-repellent layers (e.g.,
Anthrosol) can be linked to the stochastic-convective mixing
regime, which was observed in these soils. Yet, since both
indicators of stochastic-convective and convective-dispersive
mixing regimes may occur in the same profile, the prediction of
the mixing regime on the basis of morphological features might
be ambiguous, and we need more experimental data to identify
which indicators are more strongly related to the mixing re-
gime. It is also important to note that we cannot extrapolate
the observed transport in 1 m deep soil profiles to greater
depths. For the soils in which we observed incomplete lateral
solute mixing, the mixing time ¢t* could not be derived, and
hence it remains unknown how A; will change with z deeper
underground. Furthermore, except for “young” and “undevel-
oped” soils, the chemical and physical properties of the sub-
strate or parent material, in which the soil developed, are
different from the properties of the soil profile.

Our study showed clearly that the dispersivity A, is not a
material constant but depends in all soils considered on the
flow rate and water content in the soil profile during the leach-
ing experiment. Besides A, , also the mixing regime may de-
pend on the flow rate; for example, when macropores are
activated at higher flow rates, the mixing regime changes from
a convective-dispersive to a stochastic-convective regime. The
atmospheric boundary at the soil surface results in large tem-
poral fluctuations of flow rates in the soil profile. Therefore the
relation A, (J,,) needs to be defined which implies that leach-
ing experiments should be carried out at various flow rates,
preferably at flow rates occurring under natural climatic
boundary conditions. Since the effective flow rate J ., i.€., the
flow rate at which most of the water passes a certain depth in
the soil profile, determines the solute dispersion, measured
precipitation rates rather than rates that are calculated from

daily, monthly, or yearly precipitation amounts, should be con-
sidered. Whether the A, (J,,) relation, which was derived from
leaching experiments under controlled boundary conditions,
can be used to describe leaching under climatic boundary con-
ditions is the subject of ongoing research.

The differences in A, between different soils and for differ-
ent flow rates could be partly explained by the coefficient of
variation of the pore water velocities, CVZ, which was derived
from the relation between hydraulic conductivity and soil water
content, K(6), using a multidomain conceptualization of the
pore space. However, for macroporous soils, the derivation of
CV2 may still be improved by considering a multimodal con-
ductivity curve. Only the variability of pore water velocities but
not the characteristic pore length /*, which is related to the
mixing time ¢*, can be derived from K(8). As a consequence,
no perfect relation between A, and CV2 can be expected since
I* depends also on the soil type and flow rate.

Both the small horizontal scale of transport heterogeneity
and the fact that the K(8) relation explains to a large extent
the differences in dispersivities between different soil types
and flow rates indicate that variations in solute velocities over
a small horizontal scale are very important for solute disper-
sion in soils. Given the sizes of samples on which soil hydraulic
properties are determined, it is questionable whether these
small-scale velocity variations can be inferred indirectly from
the spatial variability of measured soil hydraulic properties.
However, using newly developed techniques, distributions of
fluorescent tracer concentrations can be obtained with a very
high spatial resolution (down to 1 mm?) [Aeby et al., 2001].
These concentration patterns could be used to derive informa-
tion on the horizontal scales and the rate of lateral solute
mixing. In addition, comparing the concentration patterns di-
rectly to visible soil morphological features, the effect of these
features on solute transport could be inferred directly.
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