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ABSTRACT
Soil column experiments are widely used to study contaminant leaching, but variations in methodological designs can strongly
affect transport results and risk assessments. This study quantitatively evaluates the influence of four key factors: samplingmethod,
soil structure, column dimensions, and the presence of stratified layers. Twenty-one columns were built using silty agricultural
soil, including both disturbed and intact cores, with diameters of 8.4 and 24 cmandheights of 20 and 35 cm. Columnswere sampled
eithermanually orwith amechanical corer. Tracer leaching experimentswere conducted, and dual-porosity (DP) inversemodeling
with Hydrus 1-D was used to determine water and solute mobility parameters. The results demonstrate that soil structure, column
dimensions, and sampling techniques strongly affect water and solute transport dynamics. Soil structure has a critical influence
on solute transport dynamics. Disturbed columns tend to underestimate the rapid transport of contaminants and overestimate
their retention, providing an unreliable representation of groundwater contamination risk. Column diameter had limited effect in
disturbed soils, but larger columns exhibited increased mobile zone fractions. Column height significantly influenced the results,
with shorter columns overestimating leaching potential. Furthermore, columns sampled withmechanical corers showed artificial
preferential flow induced by vibration, compromising the representativeness of solute transport. This study highlights the critical
role of column design in leaching experiments. By clarifying how these methodological factors influence leaching experiments
and DP parameters, this work aims to support the development of standardized practices in soil column leaching research and
improve the reliability of contamination risk assessments.

d

1 Introduction

The intensive use of pesticides in agriculture has significantly
degraded the quality of water resources through their leaching.
Currently, a large number of pesticides and their metabolites are
frequently detected in groundwater, the most important source
of drinking water for many European countries [1–4]. Many
factors influence the fate of pesticides, such as their properties but
also soil characteristics, site conditions, and pesticide application
practices. In the last few years, numerous studies have been
© 2026 Wiley-VCH GmbH
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carried out into the fate of pesticides in soils and the impact of
various organic amendments, tillage techniques, and cover crops
in order to limit the leaching of these compounds intowater [5–8].

Furthermore, numerous modeling tools have been developed
to rapidly assess the potential risks associated with the use of
pesticides on agricultural land [9–11]. Pesticide transport in soils
is primarily governed by adsorption and degradation [12, 13].
Thus, the key input parameters needed for modeling pesticide
transport are the sorption coefficient (K ) and the half-life of
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the substance (DT50). These parameters are usually obtained by
inverse modeling of observed data, such as breakthrough curves
from field or laboratory experiments [7, 14–16]. In structured soils,
preferential flow such asmacropores formed by biological activity
ormechanical processes (earthwormgalleries, cracks) can rapidly
transport water and solutes deeper into the soil and increase the
risk of water contamination [17, 18]. Many models can be used
to consider soil heterogeneity and preferential flows, such as the
dual-porosity (DP) approach [7, 19, 20] showed proper modeling
of the peaks of several pesticides usingDP inversemodeling using
Hydrus 1-D.

Long-term field experiments provide realistic conditions, but
these are costly, and the parameters are difficult to control
due to the high soil heterogeneity and very complex boundary
conditions [21]. Laboratory experiments provide relevant infor-
mation on the potential mobility of pesticides [22]. Soil column
leaching experiments are widely used because they provide
representations of water and solute fluxes that are closer to the
actual field situation. However, studies are carried out at different
scales and with a wide range of technical features, which limits
comparability between studies, and makes drawing conclusions
difficult.

Two types of columns are used to study pesticide leaching: packed
and intact soil core columns. Packed columns are made from
disturbed soil, which is dried, sieved, and uniformly packed
into the column [23–25]. These columns are generally more
homogeneous and reproducible than intact core columns. In
order to study preferential flows and soil structure, and to get
closer to real conditions, a number of studies use intact soil
core columns that are directly extracted from the field [6, 7, 26].
Preferential flows through soil macropores significantly reduce
the retention of solutes within the soil profile and can therefore
increase the risk of groundwater contamination [27]. Sadeghi
et al. [28] showed that the packing of soil columns reduces
leaching losses of atrazine. In addition, intact soil core columns
may contain several soil layers with different properties, which
will influence the leaching.

The column sizes used in pesticide leaching experiments vary
widely. The diameter of the columns is usually between 8 and
10 cm but can range from 2 to 3 cm to over 50 cm [25, 29,
30]. The length is usually between 20 and 50 cm but shorter
columns of 5–20 cm are also very common [14, 24, 29]. From
a meta-analysis of 733 soil column tracer leaching experiments,
Koestel et al. [31] showed that tracer dispersivity is positively
correlated with the length and diameter of the soil column used.
Bromly et al. [32] studied the relationship between dispersivity
and the properties of 291 disturbed soil columns and concluded
that the column diameter was the second most important factor
that determines dispersivity after clay content. Furthermore, the
degree of preferential flow in intact core columns is positively
correlated with the column diameter but negatively correlated
with column length.

Several methods of sampling undisturbed soil columns are found
in the literature. To avoid sidewall flow, the columns are usually
driven directly into the soil. For large soil columns or lysimeters,
a static load can be used to drive a heavy steel cylinder into the
soil. Another method is to insert a beveled driving head onto a
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PVC tube and drive it into the ground with a jackhammer or
hydraulic pressure system [26, 33]. Smaller columns are usually
driven in by hand with a sledgehammer [34]. To sample at deeper
depths, drilling equipment can be used to drive columns into the
ground. The columns can also be inserted into a steel cylinder
of the same size, which is slowly driven into the ground by a
mechanical shovel [6].

Thus, varying methodologies can strongly influence the out-
come of the experiment [32]. Despite some recommendations
by [35] and correlations identified by [31], there remains lim-
ited quantitative data on how specific column designs affect
solute leaching results. To date, no standardized methodologies
exist, and choices regarding sampling methods, soil structure,
and column dimensions are often made without clear justifi-
cation. However, these methodological differences can strongly
influence experimental results and lead to irrelevant transport
parameters for contamination risk assessment.

The objective of this study is to address these gaps by providing
quantitative data on the influence of commonly used soil column
methodologies on leaching outcomeswithin soil columns, as well
as on the DP parameters obtained through inverse modeling.
Specifically, this research investigates the impact of the following:

∙ Soil structure, by comparing packed and intact soil core
columns derived from a silty agricultural soil.

∙ Column diameter and height, using smaller columns of
8.4 cm diameter and larger ones of 24 cm diameter, as well
as columns of both 20 and 35 cm in height.

∙ Soil layering, by comparing a 35 cm intact soil core column
with a plow sole to a 20 cmhomogeneous column. Hydrus 1-D
modeling is used to disentangle the effects of column height
and soil heterogeneity.

∙ Intact core sampling method, comparing hand-driven
columns using a sledgehammer with those inserted via a
mechanical auger.

By clarifying how these methodological factors influence leach-
ing experiments and DP parameters, this study aims to support
the development of standardized practices in soil column leach-
ing research and improve the reliability of contamination risk
assessments.

2 Materials andMethods

2.1 Soils

All soil columns were collected from an agricultural soil located
on the Agriculture Is Life experimental plots of the Terra research
center of the University of Liege in Gembloux, Belgium. The soil
is a cutanic Luvisol according to the World Reference Base for
Soil Resources [36]. Its physicochemical properties are given in
Table 1. The soil is plowed every year and shows a plow sole below
30 cm. Plowing and sowing of winter wheat were carried out at
the end of October 2019 on the plots. The wheat was harvested
and stubble was plowed in late July 2020. An intercrop was sown
at the beginning of September 2020. The soil was plowed to 30 cm
CLEAN – Soil, Air, Water, 2026
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TABLE 1 Physicochemical properties of the soil.

Properties 0–30 cm 30–60 cm

Collection site Gembloux, Belgium
Soil type Luvisol
Texture Fine silty clay
Clay (%) 12.0 13.1
Silt (%) 80.5 80.5
Sand (%) 7.5 6.4
Bulk density (g/cm3)
- Disturbed 1.38 ± 0.00 —
- Undisturbed by hand 1.37 ± 0.02 1.4
- Undisturbed by auger 1.34 ± 0.01 —
pH water 7.8 7.8
Organic carbon (g/kg) 14.4 5.2
Organic matter (%) 2.9 1.0
CEC (meq/100 g) 10.0 8.3
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and finer work with a rotary harrow at 10 cm depth was done
to prepare the seedbed before sowing beet at the end of April
2021. Two hoeing operations were carried out in June 2021. The
climate is temperate oceanic, with an average annual temperature
of 10.2◦C and an average annual rainfall of 837 mm.

2.2 Column Setup

A total of 21 columns were made from Plexiglas tubes. A
perforated Plexiglas plate was fixed 2 cm from the bottom of the
column in order to elevate it and allow water to pass through. A
nylon textile disc was placed between the soil and the perforated
plate to prevent soil particles from being washed away. A tube
was placed in the water collection area and was connected to two
Erlenmeyer flasks and a vacuum pump. All columns were built
in triplicate.

2.2.1 Packed Columns

Six packed columns were made with soil taken from 0 to 25 cm
depth in June 2020. The soil was first dried at 50◦C for 48 h in
thin layers before being ground and sieved to 2 mm. The soil was
then uniformly packed into the columns to a height of 25 cm,
respecting the initial soil density of 1.38 g/cm3. The soil placed
in the columns was previously weighed and added in layers of 2–
3 cm in height. After each addition, the soil was evenly packed
and lightly scarified on the surface to ensure good hydraulic
connectivity between the soil layers [37]. Three 8.4 cm columns
and three 24 cm internal-diameter columns were reconstituted.

2.2.2 Intact Soil Core Columns

Fifteen intact soil core columns were collected in 8.4 cm diameter
Plexiglas tubes from the same agricultural plot as the packed
CLEAN – Soil, Air, Water, 2026
columns. Twelve columns were sampled by hand and driven
directly into the field using a sledgehammer and excavated with
a shovel and trowel. In early August, three columns were driven
to a depth of 25 cm in order to have the same soil height as the
packed columns. Subsequently, in early November 2020, three
columnswere driven in up to 20 cm and threemore up to 35 cm to
study the impact of the height and the presence of the plow sole.
In addition, three columns were sampled to a depth of 30 cm to
study the impact of the sampling method in July 2021. Finally,
three columns were excavated with a soil column cylinder auger.
The soil column auger can be used to sample undisturbed soil
columns to a depth of 1 m. The inner diameter of the auger was
90 mm. Thus, a 40 cm long Plexiglas column with an external
diameter of 90 mm (84 mm internal diameter) was inserted into
the auger before sampling. As the auger is 1 m long, a 60 cm
column was placed behind the 40 cm sampling column to hold
it in place. The cylinder soil column auger with a cutting head
at its base was driven into the ground with a gasoline-powered
percussion hammer (Cobra TT) to a depth of 30 cm. The auger
was removed from the ground with a steel lifting jack. After
removing the detachable lid of the auger, the soil column was
carefully removed.

Immediately after excavation, the ends of the columns were
sealed in order to bring them to the laboratory without distur-
bance. To limit possible sidewall flow, paraffin wax was poured
on top of the columns at the interface between the soil column
and the Plexiglas wall [38, 39]. The columns were kept free of
vegetation for the duration of the experiment.

2.3 Leaching Experiment

The leaching experiment modalities are summarized in Table 2.
All columns were progressively saturated by adding water above
the columns and then allowed to drain freely for 24 h by gravity
in order to minimize water content differences at the beginning
of the experiment. Saturating the columns from the top may trap
air in the soil pore system. This can lead to different hydraulic
properties of the soil, such aswater retention capacity. This choice
was therefore made to more closely simulate field conditions by
representing rainfall wetting the soil after a period of drought
[40]. All columns were then connected to a peristaltic vacuum
pump to provide suction of −35 kPa at the bottom of the column
to approximate the real tension conditions [14].

The leaching experiments were performed with a tracer consid-
ered to be non-reactive, calcium dichloride (93% purity) from
Sigma-Aldrich, USA. A 5 g/L CaCl2 solution was made in a 1 L
flask. Then, a 250mLpulse of solutionwas added to the 3 columns
of 24 cm internal diameter, and a 30.6 mL pulse was added
to the 18 columns of 8.4 cm diameter. The same proportion of
CaCl2 quantity per soil surface area was respected. The pulse
was distributedmanually, uniformly over the soil column surface.
Then 750 and 91.4 mL of water were added to the 24 and 8.4 cm
diameter columns, respectively, to reach 2.2 cm of water.

The CaCl2 leaching experiments were conducted under unsatu-
rated conditions to simulate the situation in the vadose zone and
under transient flow to imitate rain events. In fact, intermittent
rainfall mimics more natural conditions and can lead to greater
3 of 17
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TABLE 2 Leaching experiment summary.

Leaching
experiment number

Soil
structure

Column
diameter (cm)

Column
height (cm) Plow pan

Sampling
type

Time of
sampling

Agricultural
operations

1 + 2 Disturbed 8.4 25 No By hand June 2020
2 Disturbed 24 25 No By hand June 2020
1 Undisturbed 8.4 25 No By hand August

2020
Wheat harvested,
stubble plowed

3 Undisturbed 8.4 20 No By hand November
2020

Intercrops

3 Undisturbed 8.4 35 Yes By hand November
2020

Intercrops

4 Undisturbed 8.4 30 No By hand July 2021 Soil ploughed, sugar
beet planted, soil hoed

4 Undisturbed 8.4 30 No By
mechanical

auger

July 2021 Soil plowed, sugar beet
planted, soil hoed

mo im
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leaching of solutes than steady-flow conditions [41]. After 24 h,
2.2 cm of water was applied onto the columns at a rate of
0.442 cm/min. Similar simulated rainfall was applied to the
columns at regular intervals. A surface water layer is built up
when water is applied and gradually reduces with the water
infiltration into the column. The volume of water percolated and
the electrical conductivity of the percolates were measured at
regular intervals of 24–48 h. The volume of water percolated was
measured in mL with a 250 mL graduated cylinder. The electrical
conductivity was measured with a VWR MU1600L multimeter.
As the water conductivity is known, the conductivity due to
CaCl2 can be obtained. The conductivity was then converted into
the CaCl2 concentration using a calibration curve with CaCl2
concentrations of 0, 0.2, 0.4, 0.6, 0.8, and 5 g/L.

2.4 Hydrus 1-DModel

Hydrus 1-D is a one-dimensional finite element model that
simulates water, heat, and multiple solute fluxes under vari-
ous saturation conditions [42]. All breakthrough curves were
modeled to derive hydraulic and CaCl2 transport parameters by
inverse modeling.

2.4.1 Inverse Modeling

Parameter optimization is an indirect approach for the estimation
of water and solute transport parameters from transient flow and
transport data. Inverse modeling is based on numerical solutions
using the Levenberg–Marquardt (LM) optimization procedure
[43]. The LM algorithm minimizes the differences between
the observed and simulated values by iteratively adjusting the
parameters of interest. This algorithm optimizes the parameters
by minimizing the objective function φ(q,b) defined by Šimůnek
et al. [44]:

Φ (𝑞, 𝑏) =
𝑚∑
𝑗=1

𝜐𝑗

𝑛∑
𝑖=1

𝑤𝑖𝑗

[
𝑞∗
𝑗 (𝑧, 𝑡𝑖) − 𝑞𝑗 (𝑧, 𝑡𝑖 , 𝑏)

]2
(1)
4 of 17
where m is the number of different sets of measurements, n is
the number of observations in a particular measurement set, and
qj*(z, ti) are specific measurements at depth z and time ti for the
jth measurement set, qj(z, ti, b) are the corresponding estimated
space-time variables for the optimized parameters’ vector b.
υj and wij are weighting factors associated with a particular
measurement set or point, respectively.

Three statistical indicators were used to assess the performance
of the inverse modeling and parameter optimization: sum of
squares (SSQ), root-mean-square error (RMSE), and coefficient
of determination (R2). A sequential approachwas used, where the
hydraulic and transport parameters were estimated successively
from the observed water flow data and then from the tracer
concentration in the eluates [7, 30, 45]. This approach prevents
the uncertainty in the hydraulic parameters from propagating
into the uncertainty in the transport parameters [15].

2.4.2 DPWater FlowModeling

Transient water flows within the columns were simulated using
the DPmodel. Although both single-porosity (SP) and DP formu-
lations were tested, the DP approach was retained for the analysis
presented here. A quantitative comparison of the goodness-of-fit
between SP and DP models is provided in Tables S1 and S2.

The DP approach considers the porous media to be divided
into two interacting regions, partitioning the porous system into
mobile and immobile regions. DPmodels assume that water flow
is confined to the macropore or fracture domain. Water in the
matrix does not move at all [46, 47]. Water can be exchanged
between the two regions. We will use the subscript mo for the
mobile or macropore region and im for the immobile region or
soil matrix.

The total water content is given by the following equation:

𝜃 = 𝜃 + 𝜃 (2)
CLEAN – Soil, Air, Water, 2026

om
m

ons L
icense



TABLE 3 Hydraulic parameters obtained by Rosetta for the first two layers of the studied soil.

Column type Horizon (cm) θs (–) θr (–) α (1/cm) n (–) l (–) Ks (cm/min)

Disturbed 0–30 0.4378 0.064 0.0054 1.67 0.5 0.02139
Undisturbed by hand 0–30 0.4401 0.0643 0.0053 1.6724 0.5 0.02225
Undisturbed by auger 0–30 0.4471 0.0653 0.0052 1.6791 0.5 0.02504
— 30–60 0.4374 0.0656 0.0055 1.6601 0.5 0.01783
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where θ is the total soil water content (L3/L3), and θmo and θim are
themobile and immobile regions soil water contents, respectively.

In this model, the soil water retention curve θ(h) is described by
the van Genuchten [48] equation, and the hydraulic conductivity
function K(h) is described with the statistical pore distribution
model of Mualem [49]. These two equations contain five inde-
pendent hydraulic parameters: the residual soil water content θr
(L3/L3), the saturated soil water content θs (L3/L3), the hydraulic
parameter n (–), the hydraulic shape parameter α (1/L), and the
saturated hydraulic conductivityKs (L/T). The pore connectivity l
(–) has been estimated to be 0.5 on average formost soils and set to
this value in numerous studies [19, 30, 49, 50]. These parameters
were first estimated using neural network-based pedotransfer
functions developed by Schaap et al. [51] and incorporated in the
Rosetta (Neural Network Predictions) module. The granulometry
and bulk density of the soil columns (Table 1) were used. The
parameters obtained for Layer 1 of the different column types and
for Layer 2 are given in Table 3.

The DP model uses the Richards equation to describe water flow
in the mobile region (macropores). A mass balance equation is
used to describe water dynamics in the matrix [46]:

𝜕𝜃mo
𝜕𝑡

= 𝜕

𝜕𝑧

[
𝐾 (ℎ)

(
𝜕ℎ

𝜕𝑧
+ cos𝑎

)]
− Γ𝑤 (3)

𝜕𝜃im
𝜕𝑡

= Γ𝑤 (4)

where h is the water pressure head (L), t is time (T), z is the
vertical coordinate (L), a is the angle between the flow direction
and the vertical axis (–), and Γw is the rate of water transfer from
the macropores to the matrix and vice versa (1/T).

The mass transfer rate was assumed to be proportional to the
difference in the effective saturations of the two regions using the
first-order rate equation [52, 53]:

Γ𝑤 =
𝜕𝜃im
𝜕𝑡

= 𝜔
[
𝑆mo𝑒 − 𝑆im𝑒

]
(5)

where ω is the first-order rate coefficient for water transfer
between mobile and immobile regions (1/T), and Semo and Seim
are the effective fluid saturations of the mobile (macropores) and
immobile (matrix) regions.

The retention curves are considered by the model to be similar
for both regions. The parameters α and n of the van Genuchten
equation therefore have the same value for both regions [18, 41].
CLEAN – Soil, Air, Water, 2026
For the mobile region (macropores), the parameters required by
the model are θr,mo, θs,mo, α, n, and Ks. For the immobile region
(matrix) the parameters are θr,im, θs ,im, and ω.

The initial values of the parameters a, n, and Ks are the ones
given by the Rosetta module. The parameters θs ,mo and θs ,im
are calculated assuming a proportion of macropores of 10% of
the total calculated soil porosity. Thus, θs ,mo is equal to 0.1 of
θs, and θs ,im to 0.9 of θs [54, 55]. θr ,im is assumed to be equal
to the θr value of the soil obtained from the Rosetta module.
θr ,mo is set to zero to ensure that residual water is only present
in the immobile zone of the soil [19, 30]. The first-order rate
coefficient for water transfer ω was set to 0.002 1/min [56]. The
parameters θs ,mo, Ks, and ω were optimized by inverse modeling
of the cumulative flow measurements for each column. Then
θs ,im was calculated according to Equation (2). Mertens et al. [57]
showed that saturated hydraulic conductivity (Ks) was the most
sensitive parameter when inverse modeling was performed using
eluted water volume data. In order to separate the effect of the
height of the columns and the presence of a plow sole, the 35 cm
columnsweremodeled by first considering a single 35 cmhorizon
“35(1H)” and then considering the two horizons separately with
the first 30 cmand then the last 5 cmof the plow sole “35(2H)”. For
35 cm columns with two horizons, the parameters of both layers
are optimized simultaneously.

2.4.3 DP Solute Transport Modeling

The transport of a tracer in a porous medium with variable
saturation is described by the classical convection-dispersion
equation where no tracer adsorption or degradation occur [58]:

𝜕𝜃mo𝑐mo
𝜕𝑡

= 𝜕

𝜕𝑥

(
𝜃mo𝐷mo

𝜕𝑐mo
𝜕𝑥

)
−
𝜕𝑞mo𝑐mo
𝜕𝑥

− Γ𝑠 (6)

𝜕𝜃im𝑐im
𝜕𝑡

= Γ𝑠 (7)

Γ𝑠 = 𝜔𝑠 (𝑐mo − 𝑐im) + Γ𝑤𝑐
∗ (8)

In which, cmo and cim are the solute liquid concentrations of
the mobile and immobile regions (M/L3), Dmo is the dispersion
coefficient in the mobile region, taking into account molecular
diffusion and hydrodynamic dispersion (L2/T), qmo is the volu-
metric flux density in the mobile region (L/T), Γs is the solute
transfer rate between the two regions (M/L3T). ωs is the first-
5 of 17
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order chemical mass transfer coefficient (1/T), and c* is the solute
concentration (M/L3) of the mobile region cmo for Γw > 0 and of
the immobile region cim for Γw < 0 [58].

The dispersion coefficient of the mobile zone Dmo can be
described as

𝐷mo = 𝐷0

𝜃
7

3
mo

𝜃2𝑠,mo
+ 𝜆mo𝜈 (9)

where D0 is the molecular diffusion coefficient in free water
(L2/T), λmo is the longitudinal dispersivity in the mobile region
(L), and ν is the pore water velocity (L/T).

Dispersivity λ, molecular diffusion coefficient D0 and first-order
chemical mass transfer coefficient ωs are required. The disper-
sivity value is usually set at 1/10 of the column size [55]. Thus,
for 20 and 35 cm columns, an initial dispersivity of 2 and 3.5 cm,
respectively, is considered. The diffusion coefficient (D0) ismostly
of the order of 5% of the hydrodynamic dispersion coefficient [59].
The molecular diffusion coefficient of CaCl2 is 0.0008 cm2/min
[60]. The initial value of the transfer coefficient ωs has been set to
0.00001 1/min [55].

Finally, the observed CaCl2 concentration data in the leachate
were used for optimization by inverse modeling the values of
λ, D0, and ωs [45, 61]. For the 35 cm columns considering two
horizons, the parameters of the first layer were adjusted first and
then those of the second layer.

2.4.4 Boundary Conditions

For the numerical modeling with Hydrus 1-D, columns were
represented as 1-D domains and discretized into 101 nodes with
equal spacing. The water flow boundary condition was defined
on top of the soil column as atmospheric boundary conditions
with a surface water layer to allow for water buildup during time-
variable boundary conditions of water addition (precipitation).
Thus, a flow rate of 0.442 cm/min for 5 min was set as a variable
boundary condition at each water addition. At the bottom, the
water flow boundary condition was set to constant pressure
head because the vacuum pump connected to the bottom of
the column induces a constant tension of −35 kPa. The solute
transport boundary condition at the top of the column is a
concentration flux with CaCl2 applied at a concentration of 5 g/L.
At the bottom of the column, a zero-concentration gradient is
defined.

2.5 Data Treatment and Statistical Analysis

Breakthrough curves were constructed using the relative concen-
trations (C/C0) measured in the leachates over the cumulative
relative pore volume (V/V0). The porosity was calculated from
the average bulk density for each column type (disturbed,
undisturbed sampled by hand; and undisturbed sampled with a
mechanical auger) and the density of the soil particles and organic
matter. Assuming a soil particle density of 2.65 g/cm3 and an
6 of 17
organic matter particle density of 1.4 g/cm3, the particle density
of the whole soil was found to be 2.614 g/cm3 (Table 1).

Data were processed using RStudio v2023.12.0. The figures were
plotted with ggplot2 package. The Tmin, Cpeak, and Tpeak indi-
cators were determined as the relative pore volume at the first
appearance of the tracer in the eluates, the maximum relative
concentration, and the relative pore volume after which it was
reached for each column.

To investigate the existing differences between the breakthrough
curves of several soil column designs and transport parameters,
analyses of variance (ANOVA) were performed. In order to
compare the means of several indicators of the breakthrough
curves and of DP parameters, Fisher’s least significant difference
(LSD) method was used with the null hypothesis of equality of
means and a significance level of 0.05. Normality was tested using
Shapiro–Wilk and equality of variances using Levene’s test. All
assumptions were satisfied.

3 Results and Discussion

3.1 Soil Structure

Figure 1 represents the comparison of CaCl2 breakthrough curves
for the packed, disturbed columns of 24 and 8.4 cm diameter and
intact soil core columns of 8.4 cm diameter (leaching experiment
no. 1 and 2).

The arrival times of the first breakthrough Tmin, the arrival time
of the maximal peak concentration Tpeak, the relative maximal
concentration of the peak Cpeak, and the total pore volume eluted
Ttot for the tracer CaCl2 for the four leaching experiments are
given in Table 4.

Breakthrough curves showdifferent patterns between the two soil
structures (disturbed and undisturbed). The solute is found faster
in the leachates with a significantly lower time (p value = 0.002)
of first breakthrough (Tmin) for the undisturbed column than for
the disturbed column,where it ismore retained. The peak (arrival
time of the maximal peak concentration Tpeak) also appeared
faster for intact soil core columns than for the packed column,
indicating greater retention of the solute in the disturbed soil
structure.

Soil structure also influences the height and width of the
breakthrough curve. The maximal concentration of the peak
(Cpeak) is significantly higher (p value = 0.0001) for the disturbed
columns. Furthermore, the total amount of pore volume required
to complete the pulse was significantly lower (p value= 0.001) for
packed columns with an average value of 1.205 ± 0.098 than for
intact soil core columns at 1.626± 0.096. The breakthrough curves
of packed columns show a Tpeak that is 1.41 times higher, a Cpeak
(height) 1.95 times higher, and a pore volume required to complete
the pulse (width) 1.35 times lower than the intact columns.

The percentage of CaCl2 recovered is higher (p value = 0.002)
for the disturbed columns than for the intact columns (Table 5).
For the disturbed columns, an estimated percentage of CaCl2
recovered exceeding 100 is obtained as a result of the electrical
CLEAN – Soil, Air, Water, 2026
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FIGURE 1 Measured and modeled breakthrough curves depicting the relative concentration (C/C0) in the leachates plotted as a function of the
number of pore volume eluted (V/V0) for the CaCl2 tracer: (a) for disturbed columns of 24 cm diameter, (b) disturbed columns of 8.4 cm diameter, and
(c) undisturbed columns of 8.4 cm diameter for the three replicates. The points correspond to the measured and the lines to the modeled data.

TABLE 4 Arrival time of the first breakthrough Tmin in pore volume, arrival time of the maximum peak concentration Tpeak in pore volume,
relative maximal peak concentration Cpeak, and total pore volume eluted Ttot for the four leaching experiments.

Columns Tmin Tpeak Cpeak Ttot

R24 0.135 ± 0.046 0.421 ± 0.008 0.407 ± 0.040 1.86 ± 0.01
R8.4 0.152 ± 0.011 0.499 ± 0.018 0.467 ± 0.0038 1.78 ± 0.03
U8.4 0.010 ± 0.010 0.353 ± 0.064 0.240 ± 0.019 1.51 ± 0.06

20 0.001 ± 0.001 0.119 ± 0.025 0.492 ± 0.022 1.66 ± 0.03
35 0.003 ± 0.001 0.045 ± 0.021 0,397 ± 0.021 0.88 ± 0.05

Hand 0.021 ± 0.013 0.238 ± 0.091 0.261 ± 0.075 0.78 ± 0.06
Auger 0.002 ± 0.000 0.049 ± 0.028 0.516 ± 0.067 1.03 ± 0.08

Note: Values correspond to the mean of the three spatial replicates with standard deviation.

TABLE 5 Percentage of CaCl2 recovered for all the soil columns studied.

Leaching
experiment
number Soil material

Column
diameter
(cm)

Column
height (cm)

Sampling
type

% CaCl2 recovered
(mean)

% CaCl2 recovered
(standard deviation)

1 + 2 Disturbed 8.4 25 By hand 141.5 13.4
2 Disturbed 24 25 By hand 123.0 15.0
1 Undisturbed 8.4 25 By hand 87.4 9.5
3 Undisturbed 8.4 20 By hand 67.4 2.2
3 Undisturbed 8.4 35 By hand 41.0 2.7
4 Undisturbed 8.4 30 By hand 63.2 17.0
4 Undisturbed 8.4 30 By mechanical

auger
91.4 7.4

CLEAN – Soil, Air, Water, 2026 7 of 17
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FIGURE 2 Measured andmodeled cumulative outflow curves depicting the number of pore volume eluted (V/V0) plotted as a function of the time
(in days) since the pulse, for (a) disturbed column of 24 cmdiameter, (b) disturbed column of 8.4 cm diameter, (c) undisturbed column of 8.4 cm diameter,
(d) undisturbed column of 20 cm height, (e) undisturbed column of 35 cm height, (f) undisturbed column collected with the soil column cylinder auger,
and (g) undisturbed column collected by hand for the three replicates. The points correspond to the measured and the lines to the modeled data.

TABLE 6 Soil hydraulics parameters obtained by inverse modeling of cumulative outflow.

Columns
θs,mo

(cm3/cm3)
θs,im

(cm3/cm3)

Proportion of
the mobile
zone (%) Ks (cm/min) ω (1/min) SSQ (−) R2 (−)

R24 0.35 ± 0.01 0.13 ± 0.01 74.3 ± 1.3 0.105 ± 0.017 0.049 ± 0.021 0.02 ± 0.00 1.00 ± 0.00
R8.4 0.29 ± 0.02 0.19 ± 0.02 60.6 ± 4.9 0.095 ± 0.013 0.041 ± 0.040 0.01 ± 0.00 1.00 ± 0.00
U8.4 0.24 ± 0.03 0.23 ± 0.03 51.0 ± 5.4 0.056 ± 0.008 0.01 ± 0.004 0.01 ± 0.00 1.00 ± 0.00

20 0.21 ± 0.03 0.26 ± 0.03 43.8 ± 6.7 0.060 ± 0.002 0.028 ± 0.009 0.00 ± 0.00 1.00 ± 0.00
35 (1H) 0.17 ± 0.03 0.31 ± 0.03 35.3 ± 5.3 0.080 ± 0.004 0.000 ± 0.000 0.00 ± 0.00 1.00 ± 0.00

35 (2H)

0.18 ± 0.01 0.29 ± 0.01 38.3 ± 2.2 0.074 ± 0.005 0.003 ± 0.004

0.00 ± 0.00 1.00 ± 0.000.06 ± 0.02 0.38 ± 0.02 12.9 ± 3.5 0.023 ± 0.005 0.000 ± 0.000

Hand 0.21 ± 0.02 0.26 ± 0.02 44.4 ± 5.0 0.058 ± 0.012 0.001 ± 0.001 0.093 ± 0.05 0.99 ± 0.01
Auger 0.17 ± 0.00 0.32 ± 0.00 34.9 ± 0.5 0.112 ± 0.008 0.023 ± 0.002 0.06 ± 0.04 0.99 ± 0.01

Note: Values correspond to the mean value of the three spatial replicates with the standard deviation. The terms 35 (1H) refer to modeling considering a single soil
layer of 35 cm and 35 (2H) to modeling considering a first layer of 30 cm and then the plow pan of 5 cm separately.
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conductivity conversion to concentration. Soil disturbance may
have resulted in the leaching of other solutes than the CaCl2,
previously retained within the soil matrix.

Very good agreement was achieved between observed and
predicted cumulative outflow (Figure 2).

The average R2 of the water flux modeling is 1.00 ± 0.00 for the
disturbed columns and 1.00 ± 0.00 for the undisturbed columns
(Table 6). The Ks values for packed columns are on average
significantly higher (p value= 0.000) compared to intact soil core
8 of 17
columns. In this way, the long tail of the intact columns’ curves
may be due to a higher degree of solute transport in low flow
regions. Thus, water infiltration is slower at saturation for the
undisturbed columns. The proportion of the mobile region is also
greater for disturbed columns than for columns in undisturbed
structure.

The transport parameters fitting resulted in a proper represen-
tation of solute transport with an average R2 of 0.89 ± 0.06
for the disturbed columns and 0.92 ± 0.07 for the undisturbed
columns (Table 7). The dispersivity values obtained for the
CLEAN – Soil, Air, Water, 2026
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TABLE 7 Fitted transport parameters determined by inverse modeling of leachate concentrations on Hydrus 1-D.

Columns λ (cm) D0 (cm2/min) ωs (1/min) SSQ R2

R24 0.29 ± 0.10 0.000 ± 0.000 0.001 ± 0.000 0.12 ± 0.10 0.95 ± 0.04
R8.4 0.24 ± 0.07 0.009 ± 0.010 0.037 ± 0.022 0.24 ± 0.05 0.89 ± 0.06
U8.4 2.89 ± 1.20 0.002 ± 0.000 0.005 ± 0.003 0.15 ± 0.15 0.92 ± 0.07

20 3.48 ± 1.36 0.002 ± 0.003 0.000 ± 0.000 0.12 ± 0.07 0.90 ± 0.05
35 (1H) 22.6 ± 1.66 0.002 ± 0.002 0.000 ± 0.000 0.26 ± 0.06 0.80 ± 0.02

35 (2H)

17.1 ± 6.73 0.001 ± 0.000 0.000 ± 0.000

0.28 ± 0.04 0.78 ± 0.040.24 ± 0.01 0.001 ± 0.000 0.000 ± 0.000

Hand 1.42 ± 0.70 0.001 ± 0.001 0.001 ± 0.001 0.27 ± 0.21 0.84 ± 0.12
Auger 33.44 ± 7.84 0.000 ± 0.000 0.000 ± 0.000 0.14 ± 0.05 0.93 ± 0.06

Note: Values correspond to the mean value of the three spatial replicates with the standard deviation. The terms 35 (1H) refer to modeling considering a single soil
layer of 35 cm and 35 (2H) to modeling considering a first layer of 30 cm and then the plow pan of 5 cm separately.

columns.
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undisturbed columns were on average significantly higher (p
value = 0.009) at 2.89 ± 1.20 cm compared to 0.24 ± 0.07 cm
for the disturbed columns. The dispersivity values were smaller
than 1 for all the disturbed columns, indicating very low spatial
heterogeneity in these columns. The diffusion coefficient shows
no significant difference between the two structures. The mass
transfer coefficient ωs was significantly higher for disturbed
columns than for intact columns. Thus, the dispersion is 12.3
times greater, and the tracer mass transfer is 26.5 times lower for
intact soil cores than for disturbed columns.

The results show that soil structure significantly affects the
dynamics of water infiltration and solute transport. The CaCl2
breakthrough curves reveal markedly different transport patterns
between disturbed and intact columns. They are symmetrical for
the packed columns, whereas they are asymmetrically shifted
to the left with a generally longer tailing for the intact soil
core columns, as observed by Kamra et al. [62] and Singh et al.
[63].

In the disturbed columns, water and solute pass through a
homogeneous soil matrix with a uniform flow, resulting in a
gradual increase and decrease in solute concentration in the
leachate. The solute is retained for longer, and all the solute comes
out at the same time, generating a higher Cpeak. Higher Ks values
in disturbed columns suggest that soil reorganization favorsmore
homogeneous and faster flow. Celestino Ladu andZhang [64] also
found a greater water velocity, from 2 to 10 times greater for the
undisturbed columns than for the disturbed columns. However,
during the column saturation, air bubblesmay have been trapped,
limiting the passage of water through some pores.

The asymmetry and the long tailing of the intact soil core curves
for a tracer indicate the presence of physical nonequilibrium
transport processes [26, 62, 65]. Transport is faster in intact
columns, with the arrival of the tracer (Tmin) and the peak of
maximum concentration (Tpeak) coming earlier. The acceleration
of tracer transport results from a greater degree of preferential
flows throughmacropores. These preferential flows are generated
by earthworm galleries, root holes, and soil cracks. The greater
dispersivity of the tracer in the undisturbed columns shows
CLEAN – Soil, Air, Water, 2026
the greater degree of preferential flow in these columns, in
contrast to the very low dispersivity of the disturbed columns
[27]. A greater dispersivity of a solute within intact columns
than in disturbed columns has also been observed by [66];
Koestel et al. [31] showed that moderate to strong preferential
flows are found only in soils with more than 8%–9% clay. The
percentage of clay being 12 in the studied soil and the presence
of moderate 220 to strong preferential flows having an impact on
the breakthrough curve shape is consistent. The first replicate
of the intact soil core shows faster tracer transport than the
other two replicates, as indicated by the breakthrough curve
being shifted to the left. Tpeak occurs earlier (0.26 PV compared
to 0.42 and 0.38 PV for replicates 2 and 3). Greater dispersivity
is also obtained (4.56 compared to 1.82 and 2.28 after the other
two repetitions) with a lower mass transfer coefficient (0.01
compared to 0.007 and 0.006 1/min). Thus, this column shows
a degree of preferential flow with more pronounced physical
nonequilibrium processes. As the proportion of the mobile zone
is similar in all three replicates, the macropores may be more
connected in this column. This difference between the three
replicates shows the heterogeneity of the columns taken directly
in the field.

Moreover, the solute in the soil matrix is considered immobile.
The solute mass transfer coefficient between the mobile and
immobile regions is lower in the intact soil core, which may
explain their longer retention and the lower mass recovered.
Some of the water passes through the macropores and therefore
does not contribute significantly to the transport of solute that
has diffused into the soil matrix [67]. In intact columns, the
lower recovery is consistent with dispersion in the soil matrix
and partial trapping of the solute in the immobile region. The
tracer will emerge at different times depending on the traveled
path, resulting in a more gradual elution. Greater solute reten-
tion was also observed with lower Cpeak and more widespread
breakthrough curves. The widespread is also an indication of the
heterogeneity of soil transport processes [33]. Stubble plowing
was carried out 2 weeks before the undisturbed columns were
sampled. This operation disrupted the surface structure, limiting
the continuity of the macropores along the entire length of the
9 of 17
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These results confirm that soil structure has a strong influence on
solute transport dynamics and therefore on the assessment of the
risk of groundwater contamination. Natural soils exhibit complex
transport dynamics, with a fraction of the contaminant migrating
rapidly through macropores, while another fraction remains
trapped in the soil matrix. The use of disturbed columns can lead
to a poor assessment of the leaching potential of contaminants
under real conditions. Neglecting these preferential flows can
lead to an underestimation of the risk of rapid contamination for
highly mobile pollutants and an overestimation of the biodegra-
dation or sorption of certain contaminants due to an interaction
with the soil matrix thatmay be less significant in real conditions.
Our research shows that the study of water and solute fluxes in
disturbed columns does not provide a suitable representation of
the risk of groundwater contamination. The differences between
the two types of columns are very pronounced in terms of
the breakthrough curves and transport parameters obtained
by Hydrus 1-D. Therefore, in order to better approximate real
field conditions, intact columns are recommended to assess
solute transport. Soil column experiments are an essential tool
for modeling contaminant transport, but their design must be
rigorously adapted to the objectives of the study. Accounting
for soil heterogeneity and preferential transport is essential to
improve the reliability of contaminant transfer models and to
optimize environmental management strategies.

3.2 Column Diameter

The diameter of a disturbed columnhas only aminor influence on
the shape of the CaCl2 breakthrough curves (leaching experiment
no. 2). Both the 24 and 8.4 cm diameter columns displayed
symmetrical curves with similar elution patterns (Figure 1).

The solute is detected at the same time (p value = 0.573) in the
leachates with a similar Tmin between the 8.4 and 24 cm diameter
columns. Peak positions also aligned closely, with maximum
CaCl2 concentrations being reached after similar pore volumes (p
value = 0.092). Given that the soil in both columns was sieved to
2 mm and reconstructed to the same bulk density (1.38 g/cm3),
the transport velocity of solutes was expected to be uniform.
Additionally, the travel distance for solute elution was identical at
25 cm for both column types, reinforcing the observed similarity
in transport dynamics. Thus, the majority of the solute will
emerge after a similar eluted pore volume.

The columndiameter does not affect the height or thewidth of the
curves. The maximum relative concentrations Cpeak and the total
pore volume required to complete the pulse were not significantly
(p value = 0.121) different for the 24 cm and the 8.4 cm columns.

Very good agreement was achieved between observed and pre-
dicted cumulative outflow. The average R2 of the water flux
modeling is 1.00 ± 0.00 for the disturbed columns (Table 6).
The Ks values are, on average, not significantly different (p
value = 0.240) between the two diameters. However, the propor-
tion of the mobile zone is higher for disturbed columns of 24 cm
(p value = 0.006) with 74.3% compared to columns of 8.4 cm with
60.6%. This suggests that the larger columns allowed for greater
preferential flow or enhanced water movement through mobile
zones.
10 of 17
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Transport parameter fitting resulted in a satisfactory represen-
tation of solute transport with an average R2 of 0.95 ± 0.04
for the 24 cm diameter disturbed columns and 0.89 ± 0.06 for
the 8.4 cm diameter columns (Table 7). The average dispersivity
values obtained for the 24 and 8.4 cm diameter columns were
not significantly different (p value = 0.940). Dispersivity values
were lower than 1 for all disturbed columns, indicating very low
spatial heterogeneity in these columns. These results contrast
with findings from Vanderborght and Vereecken [59] and Bromly
et al. [32], who observed that dispersivity increases with larger
lateral scales. This discrepancy is likely due to the disturbed
nature of the soil structure in our experiments, which minimized
lateral redistribution and dispersion, as highlighted by Koestel
et al. [31]. A higher dispersivity typically reduces solute peak
concentrations and smooths concentration gradients [59].

The results show that for disturbed soil columns, the diameter
has only a limited impact on the CaCl2 breakthrough curves and
measured transport parameters. This similarity can be attributed
to the homogeneous soil matrix across all columns. However,
as highlighted in the previous section, disturbed soil columns
do not adequately represent water and solute flows in natural
soils, where structure plays a critical role. Thus, although column
diameter hasminimal influence on results obtained from homog-
enized soils, these results may differ significantly for columns
with preserved structure. Therefore, although small-diameter
columns can be sufficient for experiments that require disturbed
soil columns, they may not be appropriate for assessing solute
transport in structured soils.

3.3 Column Height and Differentiated Layers

Figure 3 shows the comparison of the CaCl2 breakthrough curves
for the 20 and 35 cm undisturbed columns. The 35 cm column
includes 5 cm of plow sole between 30 and 35 cm (leaching
experiment no. 3). It should be noted that the comparison
between the 20 and 35 cm columns inherently combines two
factors: an increase in column height and the inclusion of a
differentiated plow sole in the lower part of the 35 cm column.
This coupling constitutes a limitation of the experimental design.
However, this configuration reflects real field conditions, as the
studied soil systematically exhibits a compacted layer below
30 cm depth.

The height of the intact soil cores significantly influences the
shape of the CaCl2 breakthrough curves (Figure 3). All curves
show pronounced asymmetry with long tails, indicating the
presence of preferential flow pathways. Although solutes are
detected at similar Tmin values in the leachate for both the 20 and
35 cm columns (p value = 0.128), the peak positions differ. The
maximum CaCl2 concentrations are obtained after an average
pore volume that was significantly higher (p value = 0.003) for
the 20 cm columns than for the 35 cm columns. The majority of
the solute is eluted with the first few pore volumes of water for all
columns, indicating the probable presence of continuousmacrop-
ores throughout the columns. The peak position difference results
from a greater pore volume in the 35 cm than in the 20 cm
columns. Strong preferential flows within the columns resulted
in rapid elution of solute, which may have overshadowed the real
effect of height and the presence of a differentiated horizon on
CLEAN – Soil, Air, Water, 2026
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FIGURE 3 Measured and modeled breakthrough curves depicting the relative concentration (C/C0) in the leachates plotted as a function of the
number of pore volume eluted (V/V0) for the CaCl2 tracer, (a) for undisturbed columns of 20 cm height and (b) for undisturbed columns of 35 cm height
for the three replicates. The points correspond to the measured and the lines to the modeled data.
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the shape and the position of the peak [6]. In comparison, the
peak position of the intact 25 cm columns performed for leaching
experiment no. 1 just after stubble plowing is, on average, higher.
The greater asymmetry of the breakthrough curve compared
to the intact columns in leaching experiment no. 1 carried out
just after harvesting and stubble plowing is due to the greater
importance of preferential flows. These columns were made in
November, 2 months after an intercrop was planted, leading
to the formation of aggregates and macropores mainly due to
earthworm burrows and root holes. Stronger preferential fluxes
are observed in soils with higher aggregate stability and greater
soil structure [68]. In addition, Koestel et al. [31] showed that
moderate-to-strong preferential flows are found only in soils
with more than 8%–9% clay, and the percentage of clay in the
studied soil is 12. This highlights the dynamic of soil structure
development, influenced by the timing of sampling and crop
management practices.

The column height and the presence of a differentiated hori-
zon significantly influence the height and the width of the
breakthrough curve. The maximum relative concentrations of
CaCl2 tracer were significantly higher for the 20 cm columns
(p value = 0.01), with a greater amount of CaCl2 recovered
(67.4% ± 2.2% compared to 41.0% ± 2.7% for the 35 cm columns;
p value = 0.0001). The total pore volume Ttot was significantly
higher (p value= 0.0001) for the 20 cm columns than for the 35 cm
columns. Thus, the breakthrough curves of the 20 cm columns
show amaximum relative concentration 1.3 times higher, with an
amount of CaCl2 recovered 1.6 times higher for a pore volume to
complete the pulse 1.9 times higher than the 35 cm columns.

Regarding the optimized values of water transport, the average
R2 is 1.00 ± 0.00, indicating the high accuracy of the water fluxes
represented by the model. The modeling differentiated between
CLEAN – Soil, Air, Water, 2026
the 20 cm columns, the 35 cm columns with a single horizon, and
the 35 cm columns with two horizons (30 cm + 5 cm plow sole).
Although the mobile zone proportion was similar between the
20 cm columns and the upper 30 cm of the 35 cm columns, it was
significantly reduced (12.9%, p value = 0.0001) within the plow
sole. This suggests limited solute mobility in compacted layers,
potentially leading to solute retention.

The values of Ks for the 20 cm columns are on average similar to
the first 30 cmof the 35 cmcolumns (p value=0.122). These values
are higher than the value of 0.022 cm/min initially estimated
by Rosetta. Strong preferential flows will result in a rapid water
flow, and the model increases the Ks. The plow sole has lower
conductivity with an average of 0.023 ± 0.005 cm/min, closer to
the initial value.

The fitted transport parameters resulted in an appropriate rep-
resentation of the transport of the solute with an average R2
of 0.90 ± 0.05 for the 20 cm columns, 0.80 ± 0.02 for the
35 cm columns with one horizon and 0.78 ± 0.04 with two
horizons (Table 7). The alternating increases and decreases in
concentration observed in the breakthrough curves may be due
to the dynamics of mass exchange between the mobile region of
the macropores and the immobile region of the soil matrix. This
mass exchange between the two regions can play an important
role in solute leaching. During periods without rainfall, the
local solute concentration will gradually approach equilibrium
through diffusive exchanges of the solute from the matrix region
to the macropores. Following rainfall, the solutes present in the
macropores can create another peak in the breakthrough curve
[41]. The dispersivity values obtained for the 20 cm columns were
on average significantly lower (p value = 0.001) compared to the
horizon 1 of 35 cm columns or to the whole 35 cm columns (1H).
Thus, 35 cm columns exhibit a dispersivity 6.5 times greater than
11 of 17
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20 cmcolumns. The dispersivity valueswere smaller than 1 for the
plow sole. The highest dispersivity values for the 35 cm columns
show greater soil heterogeneity and higher preferential flows [27];
Vanderborght et al. [59] and Koestel et al. [31] demonstrated
that apparent dispersivity is positively correlated with travel
distance, which is consistent with our findings. In addition,
the solute may have been retained in the column for a longer
time by the plow pan. However, no significant difference was
observed between the first 30 cm (horizon 1) and the entire
35 cm column. Interestingly, despite the presence of the plow
sole, layered Hydrus 1-D modeling suggests that the observed
differences in transport behavior between the 20 and 35 cm
columns are primarily due to the increased soil column height.
Although the plow sole locally reduces hydraulic conductivity
and solute mobility, its influence is secondary compared to the
effects of travel distance and dispersivity at the column scale. The
differences in pore volume and solute dispersivity in the 35 cm
columns contributed to lower CaCl2 recovery and reduced peak
concentrations in the leachate.

The timing of sampling in relation to cultivation operations
appears to influence the solute leaching through the soil profile.
Compared to the intact columns of leaching experiment no. 1
performed just after a stubble plowing that disturbed the topsoil,
the solute peak arrives after a pore volume 3.0 times higher,
the maximum peak concentration is 2 times lower, and the
dispersivity is 1.2 times lower than for the 20 cm height columns.
This demonstrates how soil structure evolves over time, with
macropore formation and aggregation increasing preferential
flow pathways and solute mobility.

Our study showed significant differences in breakthrough curves
and transport parameters between the 20- and 35-cm columns.
However, in structured agricultural soils, column height effects
cannot be fully disentangled from soil heterogeneity, particularly
when compacted layers such as plow soles are present. The
modeling approach adopted in this study helps to separate these
effects and suggests that column height is a major driver of the
observed differences, whereas compacted horizons may locally
enhance solute retention. Therefore, too short soil columns may
not accurately represent water and solute transport in field
conditions. They could lead to overestimation of solute leaching
potential and an underestimation of solute degradation, which
could result in inaccurate risk assessments for contaminant
migration to groundwater. Longer columns that capture the
heterogeneity and preferential flow dynamics of natural soils
should be used to improve the reliability of transport models and
environmental risk assessments.

3.4 Soil Core Sampling Method

Figure 4 shows the comparison of the CaCl2 breakthrough curves
for columns collected using a mechanical soil corer and by hand
(leaching experiment no. 4).

The sampling method has a strong influence on the overall shape
of the CaCl2 breakthrough curves. They are strongly asymmetri-
cally shifted to the left for columnsmadewith themechanical soil
column auger, indicating strong preferential flows. Breakthrough
curves for columns sampled by hand aremore gradual, indicating
12 of 17
fewer preferential flows and a greater portion of water and solute
passing through the soil matrix. The solute is detected earlier in
the leachates with a significantly shorter time (p value= 0.045) to
the first breakthrough (Tmin) for the mechanical auger columns
than for the hand columns where it is more retained. The peak
occurred earlier (p value = 0.048) for mechanical auger columns
than for the hand columns, indicating greater solute retention
in the columns made by hand. For columns sampled with the
mechanical corer, the peak corresponds to the first water sample,
indicating the presence of continuous preferential flow paths
throughout the column that are not present in these hand-driven
columns.

The sampling method also influences the height and width of the
breakthrough curves. The maximum concentration of the peak
(Cpeak) is significantly higher (p value= 0.023) for themechanical
auger columns. The majority of the solute is rapidly eluted from
the columns sampled with the mechanical corer, with an average
of 91.4% ± 7.4% of CaCl2 recovered, compared to 63.3% ± 17.0%
for the columns sampled by hand at the end of the experiment
(Table 5). In addition, the total amount of pore volume eluted
(Ttot) was significantly higher (p value= 0.025) for themechanical
auger columns. The breakthrough curves of themechanical auger
columns show a Tpeak 4.9 times lower, a Cpeak (height) 2.0 times
higher, and a Ttot (width) 1.32 times higher than the columns
sampled by hand. Visually, during the experiment, significant
preferential flows were present between the soil column and the
Plexiglas wall of the corer columns, generating a rapid flow of
water. These continuous preferential flows are not present in the
hand-driven columns. These flows are artificial and are created
during core sampling. A possible cause would be the vibrations
caused by the percussion hammer that is used to drive the column
into the ground.

The average R2 values obtained for the optimization of the water
flow parameters are 0.99 ± 0.01 for the columns produced by
a mechanical corer and 0.99 ± 0.01 for the columns taken
by hand, indicating a suitable representation for both types of
columns, despite very different water flows. For the two types
of columns, the proportion of mobile zone is not significantly
different. However, theKs is significantly higher (p value= 0.003)
for columns made with a mechanical corer than for columns
taken by hand. Thus, at saturation, thewater flows 1.5 times faster
in the columns taken with the mechanical corer. The continuous
preferential flows explain this highhydraulic conductivity and are
mainly localized along the sides of the columns.

The solute transport parameters fitting resulted in a correct
representation of solute transportwith an averageR2 of 0.84± 0.12
for mechanical corer columns and 0.93 ± 0.06 for hand-sampled
columns. The dispersivity, an indicator of the degree of preferen-
tial flows, is 25.3 times higher (p value = 0.001) for the columns
sampled with the corer compared to the columns driven by
hand.

Interestingly, theKs, the peak position, and themaximum relative
concentration of the handmade columns are similar to the
undisturbed columns of the leaching experiment no. 1. These
similar results may be due to agricultural operations that homog-
enized the topsoil 1 month before these different columns were
made.
CLEAN – Soil, Air, Water, 2026
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FIGURE 4 Measured and modeled breakthrough curves depicting the relative concentration (C/C0) in the leachates plotted as a function of the
number of pore volume eluted (V/V0) for the CaCl2 tracer for undisturbed columns (a) collected with the soil column cylinder auger and (b) collected
by hand for the three replicates. The points correspond to the measured and the lines to the modeled data.
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Therefore, although the mechanical corer in principle allows the
sampling of undisturbed soil columns up to 1 m depth, this study
suggests that these columns do not adequately represent water
and solute fluxes. The vibrations of the hammer can create a gap
between the soil column and the wall of the column. This gap
generates continuous preferential flows and a rapid elution of
the majority of the solute despite the wax poured at the soil–
Plexiglas interface at the beginning of the experiment. As a result,
hand-driven columns seem to be a better alternative to sample
undisturbed soil columns and limit unnatural preferential flows.

4 Conclusions and Perspectives

This study evaluated how common methodological choices in
soil column experiments influence water flow, solute transport
behavior, and the estimation of DPmodel parameters. By system-
atically varying soil structure, column diameter and length, and
sampling method, the work provides a quantitative assessment
of how experimental design affects the interpretation of leaching
processes and associated contamination risks.

The results clearly demonstrate that soil structure is the dominant
factor controlling solute transport dynamics. Intact soil columns
exhibit strong physical nonequilibrium transport behavior driven
by preferential flow through macropores, leading to earlier
solute breakthrough, more asymmetric breakthrough curves,
and greater dispersivity. In contrast, disturbed columns promote
homogeneous flow conditions, resulting in delayed solute trans-
port and reduced apparent heterogeneity. These differences imply
that disturbed columns are poorly suited to represent solute
transport under field conditions, as they tend to underestimate
rapid contaminant migration and overestimate solute retention
within the soil matrix.
CLEAN – Soil, Air, Water, 2026

C

Geometric characteristics of the columns also influence transport
behavior, though to a lesser extent. Column diameter had limited
impact on solute transport in disturbed soils, reflecting the homo-
geneity of the reconstructed matrix. Column height, however,
significantly affected solute recovery and dispersivity in intact
soils, highlighting the importance of capturing sufficient vertical
heterogeneity and preferential pathways. Shorter columns may
therefore overestimate solute leaching potential and underesti-
mate solute degradation, leading to inaccurate risk assessments
for groundwater contamination. Longer columns can therefore
improve the reliability of transport models and environmental
risk assessments.

The sampling method was shown to be a critical source of
artifacts.Mechanical coring introduced artificial preferential flow
along column walls, substantially altering transport parameters
and breakthrough behavior. Hand-driven sampling, although
more labor-intensive, provides a more reliable representation of
natural soil structure and transport processes. These findings
emphasize that sampling-induced disturbances can dominate
solute transport responses and compromise model parameter
estimation.

Despite the robustness of the experimental approach, several
limitations should be acknowledged. Comparisons between dis-
turbed and intact soil columns remain intrinsically challenging
due to the natural heterogeneity of soil structure, even among
replicates sampled at the same site. This complexity was further
exacerbated by differences in sampling dates relative to agricul-
tural operations, which influenced soil structure development
and preferential flow pathways, thereby limiting strict compara-
bility between experiments. From a risk assessment perspective,
the results indicate that uncertainties in experimental design
propagate directly into transport parameters used in numerical
13 of 17
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models. However, the propagation of this parameter variability
into solute leaching predictionswas not explicitly assessed.Quan-
tifying howuncertainties in parameters translate into uncertainty
in groundwater contamination risk would require additional
modeling scenarios.

Future research should therefore focus on quantifying how
parameter uncertainty propagates into solute leaching predic-
tions. Combining soil column experiments with field obser-
vations and sensitivity analyses would help identify which
parametersmost strongly control uncertainty in risk assessments.
In addition, expanding the range of column configurations,
soil types, and sampling conditions would allow the develop-
ment of harmonization or correction approaches to improve
the comparability of leaching studies. Ultimately, improving
the representation of soil heterogeneity and preferential flow
processes is essential for enhancing the reliability of contami-
nant transport models used in environmental management and
regulatory decision-making.

This study allows researchers to better choose the experimen-
tal design according to the purpose of their experiments. By
clarifying how these methodological factors influence leaching
experiments and DP parameters, this work aims to support the
development of standardized practices in soil column leach-
ing research and improve the reliability of contamination risk
assessments.

Nomenclature

Symbols

z vertical coordinate, cm

t time, min

h water pressure head, cm

θ total soil water content, cm3/cm3

θmo water content of mobile (macropore) region, cm3/cm3

θim water content of immobile (matrix) region, cm3/cm3

θs saturated soil water content, cm3/cm3

θr residual soil water content, cm3/cm3

θs,mo saturated water content of the mobile region,
cm3/cm3

θs,im saturated water content of the immobile region,
cm3/cm3

θr,mo residual water content of the mobile region, cm3/cm3

θr,im residual water content of the immobile region,
cm3/cm3

Ks saturated hydraulic conductivity, cm/min

α van Genuchten shape parameter, 1/cm

n van Genuchten pore-size distribution parameter, –

l pore connectivity parameter, –

h water pressure head, cm

a angle between the flow direction and the vertical axis,
–
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qmo volumetric water flux density in the mobile region,
cm/min

Se effective saturation, –

Semo effective saturation of the mobile region, –

Seim effective saturation of the immobile region, –

Γw water mass transfer rate between regions, 1/min

ω first-order water transfer coefficient between regions,
1/min

cmo solute liquid concentration in mobile region, g/cm3

cim solute liquid concentration in immobile region, g/cm3

Dmo dispersion coefficient in mobile region, cm2/min

D0 molecular diffusion coefficient in free water, cm2/min

λmo longitudinal dispersivity of the mobile region, cm

ν pore water velocity, cm/min

Γs solute mass transfer rate between regions, g/cm3/min

ωs first-order solute mass transfer coefficient, 1/min

φ (q,b) objective function, –

qj∗(z,ti) observed variable at depth z and time ti, variable-
dependent

qj (z,ti,b) simulated variable, variable-dependent

b vector of optimized parameters, –

m number of measurement sets, –

n number of observations per set, –

νj weighting factor for measurement set j, –

wij weighting factor for observation i, –

C/C0 relative solute concentration, –

V/V0 relative pore volume, –

Tmin relative pore volume at tracer arrival, –

Cpeak maximum relative concentration, –

Tpeak relative pore volume at peak concentration, –

R2 coefficient of determination, –

SSQ sum of squares, –
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