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Comparison of Heterogeneous
Transport Processes Observed with
Electrical Resistivity Tomography
in Two Soils

Preferential flow in soils can manifest itself in several ways. To illustrate this, we analyzed
solute transport during a step tracer experiment in two soils expected to differ in their gov-
erning transport processes: a loamy sand and a silty soil. By combining electrical resistivity
tomography (ERT), time domain reflectometry, and effluent measurements, we observed
different preferential flow phenomena. The transport process was characterized using
voxel- and column-scale effective convective—dispersive equation (CDE) parameters, local
velocities, and leaching surfaces. At the column scale, transport in the loamy sand was
dominated by a homogenous convective—dispersive transport behavior, but at the scale of
the voxel, preferential transport was observed. Transport in the silty soil was considerably
more heterogeneous. Preferential flow was identified using ERT, voxel- and column-scale
effective CDE parameters, local velocities, and leaching surfaces. In these soils, a clear influ-
ence of soil layering on solute transport was observed.

Abbreviations: BTC, breakthrough curve; CDE, convective—dispersive equation; EC, electrical conduc-
tivity; ERT, electrical resistivity tomography; LS, loamy sand; S, silt; TDR, time domain reflectometry.

Clothier et al. (2008) defined preferential flow as “all phenomena where water and
solute move along certain pathways, while bypassing a fraction of the porous matrix.” Based

on the literature, four different preferential flow phenomena can be identified:

1. The most obvious phenomenon linked to preferential flow is, that solute concentrations
in a plane perpendicular to the mean water flow direction are not homogeneous. This
is often visualized with dye tracer studies (e.g., Flury et al., 1994; Flury and Wai, 2003;
Burkhardt et al., 2005). The heterogeneity in solute concentrations has important con-
sequences for reactive transport when chemical reactions depend in a nonlinear way
on local concentrations (Kasteel et al., 2002; Javaux et al., 2006; Vanderborght et al.,
2006). The lack of solute mixing and its effect on reactive transport is currently a major
research topic in reactive groundwater transport (Cirpka et al., 2008).

2. A second way preferential flow may manifest itself is by a larger spreading of the tracer
front or breakthrough curve compared with a uniform flow domain. The spreading is
cither defined by the second centralized spatial moment (Freyberg, 1986) of a plume
or the second centralized temporal moment (Aris, 1958; Kreft and Zuber, 1978) of a
breakthrough curve. Water flow in regions that bypass a part of the soil matrix leads
to a rapid downward transport, whereas solutes that enter into bypassed regions move
considerably more slowly. This causes an increased spreading (e.g., Adams and Gelhar,
1992; Salamon et al., 2007; Vanderborght and Vereecken, 2007).

3. A third manifestation of preferential flow is a quicker increase of the plume spreading
with time or breakthrough spreading with depth than is predicted by a convective—dis-
persive process. In a stochastic—convective process, the spreading increases linearly with
time or depth (Jury and Roth, 1990).

4. Finally, the manifestation to which preferential flow and transport are typically related
is an early breakthrough with high peak concentrations and a long tailing of concen-
trations that decline very slowly. In this case, the breakthrough is much earlier than
would be expected when flow takes place uniformly in the entire pore space or volume.
Rapid leaching may result in insufficient time for chemical or biological degradation
of contaminants in the root zone (e.g., Edwards et al., 1992). These contaminants then
leach to the groundwater, where it may take a very long time before they are degraded
(Stagnitti et al., 2003).

It must be noted that these preferential flow manifestations do not necessarily occur

simultaneously. Which phenomena or characteristics are present depends on the type of

preferential flow.
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Several approaches have been used to quantify the different forms
of appearance of preferential transport. The first type of prefer-
ential flow caused by incomplete mixing can be characterized by
entropy measures such as the dilution index (Kitanidis, 1994),
determination of spatial covariances of concentrations or transport
parameters (Koestel et al., 2009) that characterize locally observed
transport, or leaching surfaces (de Rooij and Stagnitti, 2002). The
second and third types may be characterized by dispersion coeffi-
cients of laterally averaged concentrations or by spatial covariances
of local advection velocities. The fourth type of manifestation may
be characterized by the parameters of mobile—immobile (MIM)
or dual-permeability models, which consider rapid transport in a
part of the pore volume and a rate-limited solute mass exchange
between different pore regions. Depending on how preferen-
tial flow manifests itself, different modeling approaches may be
required to describe it. Models that may be used are the CDE
model, the stream tube model, the MIM model, and the stochastic
continuum model (for an overview, see Feyen ct al., 1998). Using
a CDE model to describe preferential flow processes may sound
controversial. If preferential flow is defined more broadly than pure
macropore flow with an early peak breakthrough and a long tailing,
however, it may well be that a CDE model can be used to describe
a transport process in which water and solutes pass a fraction of

the soil matrix.

Different experimental methods and setups have been developed
and used to characterize the different forms of preferential flow.
Dye tracer experiments mainly focused on nonhomogencous
tracer distributions (Gjettermann et al., 1997; Burkhardt et al.,
2005; Sander and Gerke, 2007). Tracer experiments in which
the breakthrough is measured in the efluent of a (large) column
(Schoen etal., 1999, among others) or in a field drain (Jaynes et al.,
2001, among others) focus on rapid peak breakthroughs, whereas
tracer experiments in which breakthrough is monitored at several
depths investigate the increase of the breakthrough spreading with
depth. A major problem in preferential flow and transport research
is the impossibility of extrapolating one type of manifestation of
preferential flow to another. For instance, spatial variations of
local concentrations do not necessarily correspond with a non-
Fickian dispersion process or early peak breakthrough. Neither
does an early arrival of the peak concentration in combination
with a long tailing of a breakthrough curve, which is observed,
for instance, in columns packed with microporous glass beads
(Desmedt and Wierenga, 1984), necessarily correspond to a spatial
variation of macroscopically averaged concentrations. To obtain
a more comprehensive insight, therefore, experimental methods
that enable simultaneous observation of different manifestations
of preferential flow and transport are needed. Examples of such
methods are spatially discretized sampling of water and solute
fluxes (Quisenberry et al., 1994; Stagnitti et al., 1999; de Rooij and
Stagnitti, 2000, 2002; de Rooij et al., 2006; Bloem et al., 2009)

or measuring in situ concentration breakthrough curves at several

locations with suction cups or time domain reflectometry (TDR).

The problem that remains with these methods is that the full
three-dimensional structure of flow and transport process cannot
be observed. This structure can be observed with noninvasive
three-dimensional imaging techniques such as x-ray tomography
(e.g.» Mooney and Morris, 2008), magnetic resonance imaging at
the small soil column scale (Hoffman et al., 1996; Oswald et al.,
1997; Herrmann et al., 2002) or geoelectrical methods like electri-
cal resistivity tomography (ERT) at the larger column (Binley et
al.,, 1996; Olsen et al., 1999; Slater et al., 2002; Koestel et al., 2008)
or field plot scales (al Hagrey and Michaelson, 1999; French et al.,
2002; Looms et al., 2008).

The objective of this study was to characterize the different forms
in which preferential transport may appear in two different soils:
aloamy sand soil, which was investigated by Koestel et al. (2008),
and a silty soil. Based on their textural and structural differences,
solute transport was expected to be different in these two soils.
We used ERT combined with TDR and efluent concentration
measurements to observe solute transport and to map the spatial
and temporal variation of solute (resident) concentrations. From
breakthrough curves observed at different scales, the spatial vari-
ability of the transport process and scale dependence of the solute
spreading were inferred using effective transport model parameters.
In addition, we explored the use of leaching surfaces to character-
ize the underlying transport processes within the two soils.

¢ Materials and Methods

Soils

Transport experiments were conducted on three different soil
monoliths, which were sampled using large polyvinyl chloride col-
umns with a height of 150 cm, an inner diameter of 116 cm, and a
wall thickness of 2 cm. The soils were classified as a gleyic Cambisol
and an orthic Luvisol (FAO, 1998). The properties of both soils are
given in Table 1, and Fig. 1 shows both profiles.

One monolith was taken from an agricultural field site near
Kaldenkirchen (Germany) and the soil at this site was classified asa
gleyic Cambisol. The soil parent material consists of acolian sands.
At about the 33-cm depth, a sharp boundary between the plow
layer and the subsoil was observed. This boundary shows an undu-
lation oriented perpendicular to the plow direction. The bottom
of the plow horizon was compacted, which indicates the presence
of a plow pan. This loamy sand lysimeter will be referred to as LS.

Two monoliths were taken from intensively used arable land near
Merzenhausen, where the soil was classified as an orthic Luvisol.
The soil parent material at this site is loess. Earthworm burrows
are abundant down to more than 150 cm, although few direct
connections to the soil surface exist because of frequent plowing
(Burkhardt et al., 2005). Burkhardt et al. (2005) estimated the

number of earthworm burrows and root channels for four hori-
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Table 1. Description of the soil horizons in both columns. Data for the
Kaldenkirchen soil from Koestel et al. (2009); data for the Merzen-
hausen soil: textures from Burkhardt et al. (2005), saturated hydraulic
conductivity (K) from SchmidtEisenlohr (2001), and bulk density
(BD) and porosity from Weihermueller (2005).

Horizon Depth  Sand  Silt  Clay BD K

s Porosity

cm —%

gem™  log;o(emd™!) %
Kaldenkirchen Gleyic Cambisol (loamy sand)

Ap 0-33 727 222 51 160 0.7-2.9 40.1
Bvl 33-55 76.6 214 20 1.66 2.0-2.9 37.5
Bv2 55-70  79.1 19.7 1.2 1.60 - 40.6
Bv3 70-120 843 145 1.2 1.66 1.8-3.0 38.0

2Bv >120 49.0 407 103 179
Merzenhausen Orthic Luvisol (silty soil S1 and S2)

1.7-4.0 31.8

Ap 0-44 3 79 18 1.48 1.89 43.5
Bt 44-70 1 76 23 1.54 1.4 41.7
Bvl 70-100 1 79 20 1.54 1.4 41.7
Bv2 >100 2 84 14 1.56 1.35 40.9

zontal planes in the subsoil to be about 15 and 350 x 104 cm2,
respectively. These two columns will be called S1 and S2.

Lysimeter Setup
The bottom boundary of the LS lysimeter was a seepage face
through which water could leave the saturated part of the flow
domain. This means that there is no flux as long as the local pres-
sure head at the bottom of the soil profile is negative. As soon as
the bottom of the profile becomes saturated, a flux is assumed.
This type of boundary condition very often applies to finite lysim-
eters that are allowed to drain under gravity. The bottoms of both
the S1 and S2 lysimeters were kept at =50 kPa by a polyamid-
membrane suction plate (ecoTech GmbH, Bonn, Germany) and
a vacuum pump (UMS GmbH, Miinchen, Germany). The suc-
tion plate (i) avoided the formation of
a saturated layer at the capillary fringe
of the lysimeter, which would affect the ST
tracer transport, and (ii) accelerated the of
tracer movement in the S soil, which L
was expected to be slower than in the -
LS. It was our aim to show how different
transport patterns and phenomena can ~
be distinguished and visualized using
ERT rather than to compare the trans- Rl
port properties of the two soils under 75

identical boundary conditions. : -
-122.5. L

In all three lysimeters, 212 electrodes

were inserted at the side of the column
extending 1.5 cm into the soil. The elec-

trodes were arranged in six horizontal

rings of 32 equidistantly distributed
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Fig. 1. Soil profiles of the loamy sand (LS) soil at the Kaldenkirchen field
site (left) and thessiley soil (S1/52) at the Merzenhausen field site (right).

electrodes. Four vertical transects of five electrodes were added
between these circles (see Fig. 2). Details about the electrode
arrangement were documented in Koestel et al. (2008). The
clectrodes were connected with relay boxes to a six-channel
RESECS prototype (GeoServe, Kiel, Germany) to conduct the
ERT measurements.

Horizontal TDR probes were inserted diametrically to each other
in the column to measure the water content and bulk electrical
conductivity. The LS lysimeter had 10 probes, whereas the S1 and
S2 lysimeters had 20 each, arranged in vertical transects of five
probes. We used a three-rod design (Heimovaara, 1993) with a rod
length of 19 cm, a rod spacing of 2.6 cm, and a rod spacing/diam-
eter ratio of 13:2. A TDR100 system and SDMX50 multiplexers

3 = Tensiometer
& Temperature probe

L = Electrode
BT
P
L j
3 X
L I °  Electrode
i - ¢ Tensiometer
o *~ TDR probe
L s Temperature probe

Fig. 2. Lysimeter S1/S2 with equipment (left) and horizontal cross-section of the lysimeter (right), showing
locations of the time domain reflectometry (TDR) probes, tensiometers, temperature probes, and electrodes.
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(Campbell Scientific, Logan, UT) were used to
conduct the TDR measurements. A CR10X data-

logger (Campbell Scientific) logged the dataat 1-h
intervals. To avoid current losses through the TDR
probes, all probes were galvanically disconnected
from the multiplexers during ERT measurements
using relays (Koestel et al., 2008). A switchbox was
used to trigger the relays automatically by using a
RESECS signal.

In addition to the TDR probes, 10 tensiometers
were inserted in each soil column in two diametri-
cal transects to monitor the matric potential of
the soil, as well as six platinum resistance ther-
mometers (PT100) to be able to correct for the
effect of temperature changes on the electrical
resistivity. The tensiometer and PT100 sensor
data were logged with a DL2¢ datalogger (Delta-T
Devices, Cambridge, UK). The electrical conductivity of the efflu-
ent was measured with a Cond i325 conductivity meter (WTW
GmbH, Weilheim, Germany). See Fig. 2 for an overview of the

experimental setup.

Experimental Design of Tracer Experiments

The soil columns were placed in the lysimeter facility of the
Forschungszentrum Jiilich and were kept at a temperature of 10°C
(£4°C). Steady-state flow conditions were imposed with tap water
on all soil columns using a constant irrigation of 1.5 cm d~1 (see
Fig. 3). These flow conditions were necessary to enable quantitative
interpretation of the ERT images. The irrigation rate is a compro-
mise between feasibility (due to technical [homogeneous irrigation]
and temporal constraints [fast tracer displacement]) and an approxi-
mately natural boundary condition. Vanderborght et al. (2000a,b)
showed that experiments run under high steady flow rates, but under
a flow rate that is still relevant for rainfall rates, are still relevant for
transport processes under transient boundary conditions.

The LS lysimeter was irrigated with a reservoir with 484 dripper
needles. The S lysimeters were equipped with a drip tape con-
figuration (T-Tape, John Deere Water, Moline, IL) containing
16 individual drippers. The irrigation water was at the ambient
temperature of the lysimeter basement. The soil columns were at
steady-state when the experiments started, with a volumetric water
content varying with depth between 0.19 and 0.29 for the LS and
between 0.30 and 0.43 for the S (see Table 2). After steady-state
conditions were obtained for water flow as well as solute concentra-
tion, a CaCl, tracer was applied until the tracer concentration in
the effluent remained constant and was equal to the input tracer
concentrations. This experimental design allowed the determina-
tion of solute tracer concentrations directly from the imaged bulk
electrical conductivity measured with ERT, as shown by Koestel et
al. (2008). We adjusted the temperature-corrected tap water back-

ground conductivity to 503 S cm™! for the LS column and to 590

Seepage face k

f

Irrigation Irrigation
1.5 cm.day! 1.5 cm.day"!
EcIrm:er =2.53 mS.cm-! Ectmcer =2.63 mS.cm!
Initial Initial
condition condition
EC = EC =
0.503 mS.cm! 0.59 mS.cm-!
Suction @
-500 hPa

Conductivity Conductivity
Temperature Temperature
Volume Volume

> |Weighq

Fig. 3. Boundary conditions for the loamy sand (LS) soil (left) and the silty soil (S1
and S2) (right); EC

clectrical conductivity.

wracer = clectrical conductivity of the applied tracer, EC = solute

1S cm~! for the S columns using CaCl,. The tracer conductivities
were 2530 and 2630 S cm ™!, respectively. The concentrations in
the effluent were equal to the input concentrations after 36 and 64
d of tracer application in the LS and S soils, respectively.

Time-Lapse Electrical Resistivity Tomography

Forward Problem and Inversion Algorithm

We used a three-dimensional inversion of the ERT data to image

changes in the soil bulk electrical conductivity, EC,. A “skip one”
dipole—dipole scheme was used as described in Slater and Sandberg

(2000). Half of the measurements were run in a reciprocal mode

to assess the data quality (LaBrecque et al., 1996; Koestel et al.,
2008). Specifications of the measurement scheme can be found in

Koestel et al. (2008). For all lysimeters, a finite element method

was used to solve the forward problem, which was formulated as

the Poisson equation:

V(6V)=V-j =0 (1]

where o is the electrical conductivity, ® is the electric potential,
and j; is the source current density. No-flow boundary conditions

were applied on all boundaries.

Table 2. Average volumetric water content, 6, during the experiment
measured with time domain reflectometry at five depths in the loamy
sand lysimeter (LS), silty soil lysimeter (S1), and silty soil lysimeter (S2).

LS S1 S2

Depth 0 Depth 0 Depth 6
cm cm cm

=175 0.25 =225 0.43 =155 0.39
—42.5 0.19 —475 0.4 —445 0.38
—-67.5 0.19 =72.5 0.4 -69.5 0.4
=25 0.19 =75 0.39 -94.5 0.4
=117.5 0.3 =225 0.4 -199.5 0.4
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The inversion was performed using an error-weighted,
smoothness-constrained, Occam-type algorithm. This
means that the smoothest model distribution was
searched to fit the data to a specified error level, € - Given
a set of N measurements of four-electrode resistance, R ;
(i=1,2, ..., N), minimization of the objective function
W, given by

v=|w.[d- f(m)]"; EN[W, (m—m,)[] 2]

produces an image of M voxel electrical resistivities, p y G
=1,2,..,M). Here, d is the data vector, given by
i=1,2,.., N

d; = —log(p,;) 3]

where p_; is the 7th apparent resistivity. The parameters
of the inversion, m, are given by

m;=—log(p;,)  j=1,2,..., M 4]
where f{m) is the forward model for the model vector
m, 72, is the starting or reference model, W, is an error
weighting matrix (see Table 3 for the definition), W is
a smoothness operator calculated from the discretized
first or second derivative of m, and X is a regularization
parameter that determines the amount of smoothing
imposed on m during the inversion (see Table 3). For
further details we refer to Kemna (2000) and Giinther
cral. 2006).

As the minimization of the objective function is done
using the Tikhonov approach, both the minimization
of ¥ and the adjustment of X are intimately inter-
twined (Kemna, 2000). If the optimum value of X
is found using a univariate search, the minimization
procedure finds the value of X fitting the data to the
desired target misfit. This implies that the smoothness
of the final inversion result is affected by the error esti-

Table 3. Overview of the inversion parameters and methodology for the two different

codes used in this study.

Parameter

Measurements

Gleyic Cambisol (loamy sand)
Code A. Binley

Orthic Luvisol (sily S1 and S2)
Code BERT T. Giinther

Measurement scheme
Measured combinations
Length time frame
Frequency

Vertical dipole length
Horizontal dipole length

Forward problem

Skip one dipole-dipole
46,260

8h23 min

1 frame d~!

25 cm

22.8 cm

27,077
5 h 50 min

2 frames d~!

Numerical calculation

finite element

finite element

of the electric field
Forward mesh structured triangular unstructured tetrahedral mesh
prism mesh
Forward mesh resolution  ¢dge length ~6 cm variable
df of forward mesh 8472 nodes 33,365 nodes
df of primary mesh - 125,420 nodes
More information Binley et al. (1996) Giinther et al. (2006)
Inversion
Meshes dual grid approach triple grid approach with

Objective function
minimization

Data functional

Gauss—Newton minimization

singularity removal

Gauss—Newton minimization

Data vector
Data weighting matrix

Model functional

di = _log(pa,‘)
W, = diag[l/e, ..., 1/e]

d;=log(p,,)
W, = diag[1/log(1+¢))]

Parameters of the inversion

Reference model
Smoothness operator

Regularization parameter

df of parameter mesh

;= —log(p)
none: 72, = [0...0]
discretized second derivative

univariate line search (as in

Labrecque et al., 1996)
2453 elements

m = log(Pj)
time lapse: m =m0

discretized first derivative

constant A

20,434 elements

mates €. Therefore, a good estimation of the real data

error is important.

Electrical Resistivity Tomography Data

Error Analysis

As suggested by Koestel et al. (2009), we assumed that the data
error could be approximated using a Gaussian error model, which
comprises an absolute resistance error component, 4 (£2), and
a relative resistance error component, b (dimensionless). These
two components were then used in the inversion algorithm to

calculate the error (g,) of each single data point 4; as follows:

(5]

g; :i—i—b
R.

z

We applied the approach proposed by Koestel et al. (2008)
and used the normal-reciprocal error (g ,) as a starting and
reference point for the parameterization of the Gaussian error
model. This approach considers the error model to be spatially
and temporally constant in order to reduce the degrees of free-
dom in the error estimation.

Koestel et al. (2008) showed that the model for the normal-recip-
rocal error is spatially variable, not only because of varying solute
concentrations but also because of varying water content. For the
measurements of the LS soil, the mean of the error model param-
eter 2 was found to be 0.009 2 (maximum 0.031 ), whereas the
mean of parameter & was 0.5% (maximum 1.1%). For the S soil, the
mean of 2 was 0.0041 €2 (maximum 0.0072 €2), whereas the mean
of b was 1.9% (maximum 3.3%). We discarded all data points that
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hadan EN/R larger than five times the fitted error model in one or
more of the time frames to maintain a similar sensitivity distribu-

tion throughout the experiment.

Time-Domain Reflectometry
Topp’s equation (Topp, 1980) was used to relate the volumetric
water content of the soil columns, 0, to the composite dielectric

constant, € :

0=—5.3x10"2 +(2.92><1o—2)gc

(6]

—(5.5%x107" &2 +(4.3x107¢ )¢}
This calibration curve proved to be successful in soils that did not
contain substantial amounts of bound water (Robinson et al., 2003).

In addition to water content, the ECy, was measured with TDR
and served as a control measurement for the ERT data. The ECy
(1S cm™!) was obtained from the TDR signal attenuation for
measurement times much greater than the main detection of the
reflected signal. We related the signal attenuation to the bulk elec-
trical conductivity of the soil in the vicinity of the TDR rods using
the relationship (Heimovaara, 1995; Mallants et al., 1996)

K
EC,=—%2 (7]
RTDR - RCablc

where KP is the cell constant of the TDR probe, R b 1 the resis-
tance associated with the cable tester, multiplexers, and connecters,
and Ry is the ohmic resistance measured by the TDR. The value
of Rppp is derived from p_, the reflection coefficient at very long
times, and is defined as

(8]

where Z - is the impedance of the TDR device, multiplexer, and
cable. Both K, and Ry were determined for each probe indi-
vidually using calibration measurements. The precision of the
TDR probes was investigated during a period of 10 consecutive
days under hydraulic and chemical steady-state conditions. The
CV for the EC, measurements during this period was always <2%.
We also inferred the TDR accuracy by fitting the measured EC
to Eq. [7] for 10 different calibration solutions and calculating
the residual. Given the ECy values that we measured during the
experiment (25-300 p.S cm™! for the LS lysimeter and 140-800
nS cm™! for the S lysimeters), we can infer a TDR accuracy of 4%
or better for EC measurements in the LS soil and of 7% or better
for the S soil.

Monitoring Solute Concentration
The ECy was assumed to be linearly related to the solute electrical
conductivity (EC,). The calibration parameters of this relationship

depend on the volumetric water content and soil properties like

porosity, pore connectivity, and electrical conductance of the elec-
trical double layer that surrounds the soil particles. These variables
and properties vary with the location within the soil monolith.
Based on EC| measurements at the start (#;) and the end (2, )
of the experiment, the parameters of the relationship between
EC, and EC_ were derived for every pixel in the soil column as in
Koestel et al. (2008) using the following:

_ EC,(1)—ECy (1)
B ZRG, (10 —EC, (1) )
X[EC,, (fena)—EC,, (£ )] +EC, (o)

Note that the water content was constant with time within the soil
column during the experiment.

Inferring Transport Parameters
The CDE is the most widely used model to interpret and character-
ize tracer experiments (Vanderborght and Vereecken, 2007). The
apparent velocity, v, represents the transport velocity of the solute
front in the vertical direction, whereas the apparent dispersivity,
N, characterizes the variance of the solute arrival time at a certain
point in a given realization of the velocity field (Vanderborght et al.,
2006). To characterize the transport process at different vertical
and horizontal scales, the CDE was fitted to breakthrough curves
(BTCs) of the CaCl, tracer or changes in the electrical conductiv-
ity that were observed at different depths within the soil monolith
and that were averaged across different horizontal scales:
9EC _ 9’EC  JEC

=X

10
o1 922 | 0z [10]

where EC is the electrical conductivity,  (cm d71) and X (cm)
are the velocity and dispersivity, respectively, and z (cm) is the

vertical coordinate.

A solution of the CDE for a first and third type top surface bound-
ary condition was fitted to BTCs that were observed in the effluent
of the column and BTCs that were observed within the column,
respectively (van Genuchten and Parker, 1984).

In the case where the CDE was fitted to locally observed BTCs,
the locally observed breakthrough was interpreted as the result
of an equivalent one-dimensional convection-dispersion pro-
cess (CDE) along a one-dimensional stream tube. This approach
conceptualizes the soil as an ensemble of independent vertical
stream tubes (stream tube model) that represent the complex
three-dimensional flow field. The number of stream tubes used
in the analysis depends on the resolution of the measurement
method. For ERT measurements, the number of stream tubes at
a certain depth depends on the number of voxels of the inversion
mesh intersecting that depth. For the LS, this resulted in 640
stream tubes; for the finer mesh of the S1 and S2 lysimeters, it
resulted in 1115.
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The water distribution in the soil columns was not assumed to be
homogeneous. In fact, we did not know the local water flux at any
certain location in the lysimeter. As a consequence, smaller appar-
ent velocities may also be due to local smaller water fluxes. For
instance, a BTC that is observed in a region that is, to a large part,
bypassed by the flow, and in which the flow rate is much smaller
than the average flow rate, will have a smaller velocity than the

average velocity.

Different Observation Scales

To investigate different manifestations of preferential flow, we
observed tracer transport in the lysimeters at different scales. We
distinguished three lateral observation scales and two vertical
scales (see Table 4). In the lateral direction, the first observa-
tion scale corresponded to the scale of an individual voxel of the
ERT mesh (subscript vox), i.c., approximately 7-cm length. The
second lateral observation scale was related to the TDR mea-
surement scale (subscript #dr), which corresponds to the size of
the measurement volume of an individual TDR probe based on
Ferré et al. (1998). This is a cylinder with a length equal to the
length of the probes (~20 cm) and a radius of twice the distance
between two rods of the probe. The third lateral observation
scale investigated in this study was the column scale (subscript
col) (116 cm). The column scale transport was represented by the
concentrations or electrical conductivities in the effluent of the
column and by horizontally averaged conductivities within the
soil column, which were derived from the ERT measurements. [t
must be noted that preferential flow paths with a smaller dimen-
sion than the voxel scale may still be detected as a rapid increase
in breakthrough that is followed by a long tailing of the break-

through in that voxel.

In the vertical direction, two observation scales were distinguished
that are related to the local and integral transport distance, respec-
tively. The integral transport distance refers to the transport
parameterization alonga stream tube between the soil surface and
agiven depth. The integral velocity, 4, is obtained directly from the
CDE fit to the BTC of a voxel at a certain depth z;. It is the inte-
grated velocity along the trajectory of a solute particle from the soil
surface to the observation depth. The local transport parameters
refer to the transport process between two observation depths. We
considered alocal transport distance of 25 cm, which corresponds
to the distance between the TDR probes in the soil columns. The
local velocity, #, at depth z; was then calculated from v(z,,,) and
v(z;_,) as follows:

2 T3
u . = Zit

Z)l [ z+2/V Zit2 ] [ 2 2/1’ Zi_ 2)] .

where 7 denotes the ith horizontal voxel node layer starting from

the soil surface to the bottom of the lysimeters. The LS mesh had
23 voxel node layers and S1 and S2 had 59.

Table 4. Overview of the different observation scales in the lysimeters
and the corresponding measurement methods of electrical resistivity
tomography (ERT), time domain reflectometry (TDR), and effluent

measurements.

Vertical scale
Horizontal scale Integral Local
Voxel (~7 cm) ERT ERT
TDR (~20 cm) ERT, TDR ERT
Column (~116 cm) ERT, TDR, efluent ERT

Lateral Mixing

As stated above, one manifestation of preferential flow is the lack
of mixing or solute mass exchange between regions with low and
high advection velocities. This leads to a stronger increase of the
solute spreading in the vertical direction than predicted by a convec-
tive—dispersive transport model. The nature of the mixing regime
may be derived from the change in the apparent dispersivity with
transport distance. A linear increase of dispersivity with transport
distance indicates no mixing or a stochastic—convective process,
whereas a constant dispersivity is a sign of perfect mixing or a con-
vective—dispersive regime. In addition to mixing processes, vertical
variations in soil properties (soil layering) may also lead to changes
in dispersivity with depth. Other parameters that are more direct
indicators of the mixing regime are the CVs of the local and inte-
gral velocities (Koestel et al., 2009). A decreasing CV(v) with travel
distance indicates lateral mixing if, at the same time, the correspond-
ing CV(#) remains constant. For a constant CV(x) with depth, a
constant CV(v) indicates that no lateral mixing occurs (Javaux and
Vanclooster, 2003). The CVs were calculated for the integral and

local voxel-scale velocities, v and #, respectively, as follows:

var ( Vyox,ERT )

CV(v)= -
vox, ERT
and [12]
ar{u
cv (u> _ v ( vox,ERT )

uvox,ERT

Convective—dispersive transport is connected with a decreas-
ing CV (v) for increasing travel distance, whereas the CV(x)
stays approximately constant. If CV(«) as well as CV(v) stays
constant with depth, however, the mixing is incomplete and
stochastic—convective transport can be assumed (Javaux and
Vanclooster, 2003).

Spatiotemporal Behavior of Solute Leaching

Several studies on solute transport in soils were done using mul-
ticompartment samplers (Poletika and Jury, 1994; Quisenberry
et al., 1994; Buchter et al., 1995; de Rooij and Stagnitti, 2000)
because these samplers provide information about the distribution

of the solute in both space and time. The temporal aspect of solute

.org | 342




leaching is characterized by the BTC, which describes the travel
time of the solute at a given depth (Bloem, 2008). Stagnitti et al.
(1999) and de Rooij and Stagnitti (2000) indicated that the spatial
variability of solute movement can be illustrated and quantified
using the spatial solute distribution curve. This curve yields the
total amount of leached solute as a function of the fraction of the
total sampling area, with the sampled compartments sorted from
high to low leaching rates. By plotting the BT Cs of the individual
compartments next to one another in order of decreasing total
leaching, they introduced the leaching surface. The shape of this
surface highlights the key features of the leaching process and
facilitates the analysis of the combined variation of solute fluxes
in space and time.

Leaching surfaces have been derived from local solute flux
measurements after a Dirac pulse solute application. In our
experiments, a step input was used and local resident solute con-
centrations were derived. As illustrated by Bloem et al. (2008),
leaching surfaces that are derived from resident concentrations
may differ substantially from solute flux leaching surfaces. We
defined horizontal cross-sections or control planes in LS, S1, and
S2 at the 108-, 106-, and 107-cm depths, respectively, and derived
the BTCs for the voxels in these planes to derive the correspond-
ing leaching surfaces. These voxel planes where chosen because
they represent practically the same vertical tracer traveling dis-
tance for all three columns and they lie in the bottom part of
the lysimeters. The step pulse BT Cs were translated to BTCs
resulting from a Dirac pulse using the fitcted CDE parameters
and the solution of the CDE for a Dirac tracer application and a
first type boundary condition. The predicted concentrations were
normalized by the zeroth moment of the BTC, and the normal-
ized BTC represents a travel time distribution. Subsequently, the
normalized solute flux, /, (cm d=2), was calculated by multiplying
the normalized BTCs by the local velocity, #, and the volumet-
ric water content, 0. Since the volumetric water content was not
observed for each individual pixel, the average water content
derived from the TDR measurements was used. The pixels in the
control plane where then ranked in order of descending amount
of cumulative leaching. Subsequently, we plotted the leaching
surface, Surf(x,?) (cmf2 dfl), as in de Rooij and Stagnitti (2002),
whereby the horizontal x axis represents the cumulated area of
the sorted pixels, the horizontal  axis represents the time, and
the vertical axis the scaled flux, Surf(x,#). The scaled solute flux

is defined as

-1
oo A

Surf (x,2) = J (x.6)| [ [ 7, (x7)dxds [13]

ty 0

where ¢ is the application time and 4 is the area of the reference

plane. A cross-section of Surf parallel to the x axis and at a certain

point in time #*gives the spatial solute distribution curve (SSDC):

SSDC(x)

e :Surf(x,t*) xG[O,A] [14]

The scaled total amount leached (STAL) at the end of the experi-
ment (£* = o) for each pixel was calculated as follows

"
t*:fSurf(x,t)dt

20

STAL(x)

xE[O,A} [15]

We then calculated the cumulative spatial solute distribution
curve, which represents the maximum fraction of the applied
solute mass that leaches through a certain area within the refer-
ence plane (FTL):

FTL(x):]TSurf(x,t)dtdx x€[0,A] [16]

0 ¢z

As in Stagnitti et al. (1999), we fitted the cumulative density of
the standard 3 function to the curve resulting from FTL(x) and
calculated the scaled heterogeneity index (HI) as

3G

0= aarern

[17]

where o and ( are free parameters of the standard 3 function
defined by Bronshstein and Semendyayev (1979).

¢ Results

Three-Dimensional Distribution of the
Pore Water Electrical Conductivity

Figure 4 shows the three-dimensional distribution of EC at
three different stages of the experiment, when similar amounts of
pore volumes were leached through the different soils. Although
the tracer transport is not totally homogencous in the LS (top
line in Fig. 4), the tracer front does not have clear fingering or
preferential flow patterns and we can still speak of rather homo-
geneous solute transport for this soil under the given boundary
conditions. On the contrary, the tracer front in S1 is much more
heterogeneous (bottom line of Fig. 4). In the first time step
shown in the image, a preferential flow path or tongue can be
seen in the bottom left area of the lysimeter. Figure 5 gives a more
detailed representation. This tongue appeared at the very begin-
ning of the experiment in the ERT time series and remained
visible until about 1.5 mo after the start of the experiment. After
that, the whole pore volume was slowly replaced by the applied
tracer concentration. In the second lysimeter (S2), which was
taken from the silty soil but which is not shown in Fig. 4, such
distinct preferential flow paths were not observed, but simi-
larly to the transport in S1, the initial pore water was gradually
replaced by the infiltrating tracer solution. This is in contrast
with the LS, in which the invading tracer front rapidly replaced
the initial pore water.
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Loamy sand soil
& days application 11 days application
Exchanged pore volume: 32% Exchanged pore volume: 59%

Silty soll
22 days application
Exchanged pore volume: 60%

19 days application
Exchanged pore volume: 102%

11 days application
Exchanged pore volume: 30%

37 days application

the lysimeters.

Breakthrough Curves at Different Scales
as Indicators of Heterogeneity and
Preferential Flow Processes

Figure 6 shows the local (Fig. 6a) and column scale (Fig.6b) BTCs
that were measured in the LS and S lysimeters. The BT Cs are nor-
malized by the total pore volume of the column. This is a way to
normalize time for experiments in two different soils and, thus,
it allows us to compare the shape of the BTCs. In the S soils, the
local BT Cs at one depth differ considerably in terms of arrival time,
suggesting heterogeneous transport in the lysimeter. The TDR
probe of the second transect that shows an early breakthrough
is located close to the preferential flow path in the lysimeter (see

Exchanged pore volume: 100%

Fig. 4. Three-dimensional solute electrical conductivity (EC,,) for both lysimeter experi-
ments: the loamy sand soil at 7= 6, 11, and 19 d (top) and the silty soil S1 at # =11, 22, and
37 d (bottom). The gray spheres represent time domain reflectometry probe locations in

ECw (mS.cm™)

-2.53

2,02

.52

0.5

&

t = 8 days

Fig. 5. Detail of a preferential flow tongue in terms
of three-dimensional solute electrical conductivity
(EC,,) after 8 d of tracer irrigation in Lysimeter S1.

Fig. 4 and 5). In general, there is a good agreement between ERT
and TDR. The ERT-derived BTCs in the voxels located in the
TDR sampling volume reproduce the tracer front arrival time
measured by the TDR probes quite well; however, ERT seems to
overestimate the spreading of the BTC. This effect stems from the
smoothness-constrained inversion of the resistivity data (Kemna
et al., 2002; Vanderborght et al., 2005). This overestimation of
the spreading has an effect on the estimated dispersivities from
the locally observed BTC in an ERT voxel, as will be shown below.

The BTCs that were measured in the efluent of the lysimeters
correspond well with the column-scale averaged BTCs that
were derived from ERT

T T
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Fig. 6. Normalized break-
through curves of (a)
electrical resistivity tomogra-
phy (ERT) and time domain
reflectometry (TDR) for the
steady-state  tracer  experi-
ment in both soils at a depth
of 47.5 cm (gray = loamy
sand [LS] soil, blue = silt soil
S1), and (b) column-scale

—ERTS1 averaged ERT and effluent
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measurements. The mean arrival time of the solute at the

outlet is earlier in the S soil than in the LS soil if time is - LS sl _
expressed in total pore volumes that arc already exchanged. & 10f  ©Transect 1 7
The column-scale BT Cs also show a larger spreading in the g % MEREEE S e ’
S soil than in the LS soil, which again indicates a more g . 57 !
heterogeneous transport in the S soil. It should also be E 5 oo
noted that the preferential flow path that is observed in S1 % B
corresponds to a more rapid increase of the tracer concen- £ 4 o
tration in the effluent in S1 than in S2. This rapid increase “E o R?=0.975
in tracer concentration is not extremely evident, however, 2, 4 6 8 10
and from the shape of the BTC in the effluent of S1 it is o iR
hard to infer the presence of a preferential flow path in © S soils
this lysimeter. E o e Transent 1 o

£ o Transect 2 P
Characterization and Quantification < | -Transecta -~
of Heterogeneous Transport 2 °Transect 4 %
Convection—Dispersion Parameters £ s >
Figure 7 shows the CDE parameters fitted to the TDR- ;’g“ “‘; e
scale BTCs measured with ERT and TDR. The apparent 5 * ﬁ-ﬁ’ : ) ‘
integral velocities, , of the ERT and TDR measurements S i st

2

agree well, apart from two outliers for the S soils. The R?
values are 0.975 for the LS and 0.593 for the ensemble of S1
and S2. The apparent dispersivities (\) from both measure-
ment methods also agree, but there are some deviations.
For the S soils, the R? is rather low, at 0.308, whereas the
LS has an R? of 0.774. The deviations are probably due to
the effect of the smoothness constraints on the ERT BTCs.
Some measurements were characterized by very high dis-
persivities. This was caused by BTCs obtained along the
preferential flow path, which can have a bimodal breakthrough or
a quick increase of solute concentration followed by an extremely
long tailing. In these cases, the fitted CDE parameters do not rep-
resent the real breakthrough well.

The apparent CDE parameters of the column-averaged data and
effluent tracer breakthrough are plotted in Fig. 8 together with
the average of the local-scale apparent CDE parameters. In general,
there is a good agreement between parameters derived from ERT,
TDR, and effluent measurements, except for the apparent disper-
sivities at some depths for the S monoliths. This can be explained
by the fact that the column-scale dispersivity (X ;) accounts for
not only local-scale dispersion processes. It also contains the effect
of the variation in stream tube velocity on the column-scale aver-
aged breakthrough. This effect may be missing in the TDR-derived
BTCs, as the number of TDR probes may have been too small to

obtain a representative sample of the stream tube velocities.

As can be expected, the velocities at voxel, TDR, and column
scales in the finer textured soils (S) were smaller than in the soil
with the coarse texture (LS). The v 4 and v fitted to TDR and
ERT BTCs varied mainly between 6 and 9 cm d~! for the LS and

between 3 and 5 cm d~! for the S soil. The volumetric water con-

tent in the S soils was twice the water content in the LS soil (see
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Fig. 7. Convective—dispersive equation parameters v and X fitted to breakthrough
curves (BTCs) of electrical resistivity tomography (ERT) and time domain reflec-
tometry (TDR): (a) apparent velocity for the BTCs of the loamy sand (LS) soil,
(b) apparent dispersivity for the BTCs of the LS, (c) apparent velocity for the
BTC:s of the silty (S) soils (S1, circle; S2, square), (d) apparent dispersivity for the
BTCs of the S soils.

Fig. 8. Convective—dispersive equation (CDE) parameters apparent
velocity v and apparent dispersivity X fitted to the column-scale break-
through curves (BTCs) from electrical resistivity tomography (ERT),
time domain reflectometry (TDR), and efluent conductivity mea-
surements and the average of the CDE parameters for the voxel-scale
BTC:s: (a) apparent velocity for the BTCs of the loamy sand (LS) soil,
(b) apparent dispersivity for the BTCs of the LS, (c) apparent velocity
for the BTC:s of the silty (S) soils, and (d) apparent dispersivity for the
BTCs of the S soils (S1, circle; S2, square).
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Table 2) and the saturated hydraulic conductivity of the LS soil
was higher than those of the S soils (see Table 1). This can explain
the fact that the transport was slower in the S soils. The voxel- and
TDR-scale dispersivities (X
1 and 2 cm, whereas those of the S are mainly between 3 and 10 cm.
The S soils clearly had a larger dispersivity than the LS soil. The dif-

and X\ 4,) in the LS soil lie between

ferences between the two soils are also visible at the column scale
(see Fig. 8). In both soils, the column-scale dispersivity was larger
than the voxel-scale dispersivity. This indicates that variations in
the advection velocity that existed at a scale larger than the scale of
an ERT voxel had an influence on the X\ | or solute spreading that
was apparent at this scale. In S2, however, the \ | _determined X

to a large extent because the difference between the average voxel-

scale dispersivity, <\ >,and X\ is not large. This indicates that

in S2, small-scale disv;zrsion processes, which cannot be resolved
by ERT, played an important role. In this case, the variation of the
local velocity should not have an important impact on the solute
spreading. The local velocity variance, however, is almost identical
for both S1 and S2. This implies that the correlation scale of the
local velocity must be larger in SI than in S2. This is in line with
the larger CV of the integral velocity in S1 than in S2. The differ-
ent behavior of the column-scale dispersivity compared with the
average of the voxel-scale dispersivity in S1 and S2 may thus be
related to the vertical correlation of the advection velocities in the
preferential flow path that was observed in S1.

An indicator for the identification of transport processes is the
behavior of X | with depth. A linear increase in X with travel
distance indicates that lateral mixing is not complete. The solute
transport process can then be described as stochastic—convective.
In contrast, a constant X | indicates that solute spreading can be
described as a diffusive or Fickian process (Roth and Hammel,
1996; Vanderborght et al., 2001). For the LS soil, there was no
linear increase with depth (see Fig. 8). Thus, the transport can be
called convective—dispersive. But S1 and S2 do have an increase
in X | with depth, except for the top 25 cm. As Koestel et al.
(2009) pointed out, the apparent dispersivity can only be used as
an indicator of a mixing regime under the assumption that the
local velocity variability remains constant and does not change
with depth. For the LS soil, this is the case, but for both S1 and S2
it should be noted that there were important changes in variability
of the local velocities between the soil layers (see Fig. 9). Therefore,
it is not possible to draw an unambiguous conclusion about the
transport behavior in the silt lysimeters.

The change in the CDE parameters with depth is another indica-
tor to characterize solute transport processes. The CVs of velocity
(integral and local) for both soils are plotted in Fig, 9. It can be seen
that the CV of the integral apparent velocities [CV(v)] decreases
with depth for all three lysimeters. Meanwhile, the CV of the local
velocities [CV(#)] stays more or less constant for LS. As already
pointed out by Koestel et al. (2009), this is an indication that the

LS soil has a Fickian solute mixing regime. For S1 and S2, the effect
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Fig. 9. Coeflicients of variation of the voxel-scale integral, v, and local,
u, velocities for the loamy sand (LS) soil (left) and silty soils (S1 and
S$2) (right). Horizon boundaries are indicated with dashed lines.

of soil layering on the CV(x) profile is clearly visible, which is not
the case for LS. The plow horizon in this agricultural soil is rather
deep and the depth of the boundary of the horizon varies between
30 and 44 cm according to several studies in the test field from
which the lysimeters were taken (Piitz, 1993; Schmidc-Eisenlohr,
2001; Reinken, 2004; Burkhardt et al., 2005). The plow horizon
seems to have had an impact on # in S1 and S2. In the second
horizon, the CV(#) stays high for both S lysimeters and decreases
abruptly thereafter. The sudden variation in local transport veloci-
ties across horizon interfaces may be due to a bad connectivity or
redistribution between flow paths across the interfaces. In the
neighborhood of the compacted plow pan, which is occasion-
ally perforated with earthworm holes and roots (Burkhardt et al.,
2005), the main transport direction may become more lateral than
vertical. This indicates that our method to calculate the local veloc-
ity is not appropriate in this case. In between the abrupt changes,
the CV(#) is constant with depth for S1 and S2. Until now, the
effect of soil layers on the transport process has not been identi-
fied as clearly as we can see it in this study. Seuntjens et al. (2001)
already showed, by measuring and analyzing BTCs with several
TDR probes in different layers, that solute transport in a Spodosol
is affected by the soil morphology. Electrical resistivity tomography,
however, has allowed us to analyze the transport process in much
more detail throughout the whole lysimeter volume and has made
it possible to show the effect of soil morphology very clearly.

If we now compare Fig. 8 and 9, we can see that the decrease in
the dispersivity in the SI beneath a depth of approximately 20
cm corresponds to a decrease in the local velocity variance. In the

deepest soil layer, the variance of the local velocity increases again
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drastically and this is accompanied by a stronger increase with
depth of the dispersivity in this layer. This is again a proof that
the column-scale dispersivity in S1 depends on the variation in

the local-scale velocities.

Leaching Surfaces
Figure 10 shows the local velocity-based leaching surfaces for both
soils. The leaching surfaces are clearly different for the two soil

types, which illustrates the different transport in the two soils.

The S1 and S2 soils have a rather smooth leaching surface, with
avery small portion showing a high peak. This high peak is most
pronounced in S1, the lysimeter where a preferential flow path
was detected with ERT. The leaching surface of the LS soil seems
more irregular, which indicates that the local solute flux is not
correlated with the tracer arrival at a certain location and that
the spreading of the local BTCs does not override the variation in
arrival time. Since the apparent dispersivities of the local BT Cs are
smaller and the apparent velocities are larger in the LS than in the
S soil, the peaks in the leaching surface are larger in the LS than
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Fig. 10. Apparent velocity-based leaching surfaces for (a) silty soil S1,
(b) silty soil S2, and (c) loamy sand soil LS. The plots (a) and (b) were
built of 1115 observations, whereas plot () had 630 observations.

in the S1 and S2. Subsequently, we plotted the scaled total amount
leached (STAL) for each area of the control plane and the fraction
of the total leaching (FTL) in Fig. 11. The smaller the curvature
(i.e., wider curve) of the FTL curve, the more evenly distributed
is the leaching process. The curves of LS, S1, and S2 are similar,
but some differences can be seen. The Kolmogorov—Smirnov test
indicates that there is a significant difference between the LS and
the S curves at a significance level of 13%.

The biggest difference between the LS and the S soils can be seen
between STAL(x = 0.2) and STAL(x = 0.9). Except for a limited
number of areas with very high and very low leaching, the total
amount leached through the areas is similar in the LS soil, which
follows from the nearly horizontal course of the STAL curve
between x = 0.2 and x = 0.9. This is not the case for both S soils.
The S1, the lysimeter with preferential flow behavior, has the high-
est STAL of all three lysimeters in the highest ranked areas. This
indicates that only a small number of voxels is responsible for the
spotted preferential flow path. The heterogeneity index (HI) of
the LS soil is 1.14, whereas HI(S1) = 1.20 and HI(S2) = 1.18. As
Stagnitti et al. (1999) showed, a uniform distribution of the solute
transport throughout the control plane will result ina HI = 1. A
nonuniform distribution is indicated when HI > 1 and the magni-
tude of the HI > 1 indicates the magnitude of the nonuniformity.
The fact that HI is higher for the S soils than for the LS soil is
also the result we would expect after observing the ERT data for
the lysimeters; however, the difference between the HIs is rather
small. De Rooij and Stagnitti (2000) reported a HI of 1.32 for a
soil column from a sandy, mesic Typic Psammaquent. Steenhuis
etal. (1990) indicated values between 1.31 and 1.56 for soil cores
from a dark basaltic soil with a high organic content.
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Fig. 11. Cumulative solute leaching for the control plane in all three lysim-
eters, loamy sand (LS) and two siley soils (S1 and S2).
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¢ Conclusions

In this study, we compared solute transport in two different unsat-
urated and undisturbed soils: a loamy sand (LS) and a silty soil
(S). The solute transport in the two soils differed considerably in
terms of heterogeneity, solute spreading, and the appearance of
preferential transport. By using a noninvasive imaging technique,
ERT, in combination with TDR measurements and concentration
measurements in the effluent of the soil column, different aspects
of the transport process and manifestations of preferential flow
within two different soil types were investigated. We used voxel-
and column-scale effective CDE parameters, leaching surfaces,
and local velocities that were derived from the imaged tracer front
movement to analyze the observed transport processes.

The presence of a constant apparent column-scale dispersivity with

depth in the LS soil, combined with a decrease in the CV of the appar-
ent integral velocity and a rather constant CV of the local velocity
suggested a complete lateral solute mixing and therefore a convec-
tive—dispersive transport process at the lysimeter scale. The irregular
leaching surface and the difference between the local- and column-
scale dispersivities, however, pointed at the presence of a heterogeneous

transport process and preferential flow within this soil leading to spa-
tial variations of local solute concentration in a horizontal plane. This

implies that a transport process that appears homogeneous at a larger
scale may hide preferential transport at smaller scales.

Transport in the SI and S2 lysimeters was considerably more hetero-
geneous than in the LS lysimeter, as indicated by the larger apparent
column-scale dispersivity and the smaller lateral mixing. Analysis of
the leaching process in the S1 and S2 lysimeters showed a distinct pref-
erential flow path in SI that was not observed in the LS lysimeter and
that affected the column-scale averaged BTC; however, inference of
the presence of such a preferential flow path from this BTC seems
impossible. Despite the fact that its presence is hardly reflected in the
effluent of the salt tracer, this preferential flow path may have large
impacts on the transport and leaching of reactive tracers. Analysis
of the leaching surfaces at selected reference planes was shown to be
more suited to infer the presence of such preferential flow paths than
the analysis of efluent data. A major part of the solute spreading that
was observed in the effluent of the S soil was caused by small-scale
dispersion processes, as indicated by the smooth leaching surfaces
and the large voxel-scale dispersivities. Besides the large voxel-scale
dispersion, there was still an important variability in advection veloc-
ity. Our analysis showed that the variability of local-scale velocities
changed considerably across soil layer boundaries due to considerable
differences in their transport properties. These properties are difficult
to infer from a few local-scale measured BTCs. Using noninvasive
techniques, BTCs can be derived on a grid of locations from which
local velocities can be inferred. These velocity distributions were closely
linked with soil layers in the S soil. Furthermore, they could be used
to derive leaching surfaces in situ, which is important to identify the

presence of preferential flow paths.
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