Received: 8 December 2020

Accepted: 9 December 2021

DOI: 10.1002/vzj2.20184

ORIGINAL RESEARCH ARTICLE

Vadose Zone

A device to simulate contaminant transfer and surface and
subsurface flow through intact soil monoliths

Nico Hachgenei' |
Francois Courvoisier' |
Cédric Legoat' |
Celine Duwig!

1 IGE, Univ. Grenoble Alpes, CNRS, IRD,
Grenoble INP, Grenoble 38000, France

2 INTHERES, INRAE, ENVT, Univ. de
Toulouse, Cedex 3, Toulouse 31076, France

3 ]e CNAM, Laboratoire d’analyses
chimiques et bio analyses, Cedex 3, Paris,
France

Correspondence

Céline Duwig, IGE, CNRS, IRD, Univ.
Grenoble Alpes, Grenoble INP, Grenoble,
38000, France.

Email: celine.duwig@ird.fr

Assigned to Associate Editor Vilim
Filipovi¢.

Funding information

Agence Nationale de la Recherche,
Grant/Award Number: #ANR-10-LABX-56;
Institut National des Sciences de 1‘Univers,
Centre National de la Recherche
Scientifique, Grant/Award Numbers: SNO
SIC ANO-1, Zone critique et eau
continentale/OHMCV

Guillaume Nord' |
Jean-Francois Sutra® |

Marie-Christine More

Lorenzo Spadini' | Henri Mora' |

Jean-Pierre Vandervaere! |

s

Jean Martins' © | Anne Lespine® |

Abstract

Many contaminants of agricultural origin are released into rural environments, par-
ticularly at the soil surface. Their fate has been extensively investigated in repacked
soils, but only few studies have addressed their transport in structurally preserved nat-
ural soils. Much remains unknown about their fate and transfer within and between
environmental compartments, while the susceptibility of these compartments to the
contaminants adverse effects can vary considerably. The lack of studies regarding sur-
face and subsurface transfer of contaminants through intact soil compared with stud-
ies on repacked soil led us to propose a device and protocol for sampling intact soil
monoliths (60 x 30 x 22 cm’, length, width, depth [LWD]) without heavy machin-
ery. This is achieved by a modular design with removable top and bottom lid and
a protocol of cutting the soil and replacing the affected bottom soil with a drainage
layer of glass beads. The device allows the application of artificial rainfall events
with simultaneous highly resolved quantification of infiltration excess overland flow
and drainage discharge. It is designed to facilitate the collection of samples for phys-
ical, biological, and chemical analyses that fulfill cleanliness standards for organic
contaminant analysis at trace levels using only poorly reactive stainless steel and
glass materials. Testing of the device was performed by measuring the transfer of the
antiparasitic drug ivermectin (IVM) through and over a silt-loam pasture soil. This
test case illustrates how the device can be used to gain valuable information on the

transfer of trace organic contaminants through topsoils.

Abbreviations: CR, overland flow coefficient; D, mean diameter; IVM, ivermectin/22,23-Dihydroavermectin B ; LWD, length, width, depth; PI,

precipitation intensity; Qp,, drainage discharge; O, overland flow discharge.
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1 | INTRODUCTION

Soils are exposed to a large number of contaminants of
different types (e.g., pharmaceuticals [Obimakinde et al.,
2017], pesticides [Hedlund et al., 2020], pathogenic bacteria
[Bicudo & Goyal, 2003; Chen et al., 2021] and microplastics
[Nizzetto et al., 2016]). These compounds are often applied
directly or indirectly to soil surfaces in a variety of ways. From
there, they can be transported to other environmental com-
partments. Some of these contaminants have adverse effects
on different environmental compartments such as soil, sur-
face water, and groundwater (Boxall, 2017; Schifer et al.,
2007). The environmental risk of a compound can be evalu-
ated by comparing predicted no-effect concentrations to pre-
dicted environmental concentrations (e.g., Liebig et al., 2010;
Stuer-Lauridsen et al., 2000). The latter are often obtained via
numerical modeling, using simplified assumptions for water
flow.

Various studies emphasize the importance of soil structure,
which determines the configuration of the soil pore system
and thereby controls movement of water and contaminants
through soil as well as surface—subsurface flow repartition
(Bachmair et al., 2009; Chen et al., 2021; Duwig et al., 2019;
Flury et al., 1994; Martin et al., 2017). Flury et al. (1994)
studied flow patterns in 14 soils, in the field and concluded
that bypass flow is stronger in structured soils, which therefore
present an elevated risk for contaminant leaching. Bachmair
et al. (2009) studied vertical and horizontal patterns of water
infiltration into five different soils and identified different soil
features being responsible for the observed patterns in the dif-
ferent soils, including the pore structure, surface microtopog-
raphy, surface cover, water repellency as well as topsoil matrix
characteristics such as bulk density and organic matter con-
tent. Natural root systems, micro and macrofauna as well as
drying cracks in clayey soils greatly affect the soil porous sys-
tem (Milleret et al., 2009). The soil surface structure (micro-
topography and crusts) also essentially affects flow reparti-
tion between surface and subsurface (Carmi & Berliner, 2008;
Govers et al., 2000). Furthermore, surface microtopography
may affect the contact surface and contact time between soil
and water as it determines hydraulic roughness and more or
less concentrated overland flow paths (Darboux et al., 2002;
Govers et al., 2000; Hairsine et al., 1992). Repacked soil
does not mimic the internal and surface structure of natural
soil and therefore fails to reproduce natural flow patterns that
would occur in situ (Boyle et al., 1989; Franzluebbers, 2002).
Repacked soil favors matrix flow compared with preferential
flow (Guo & Chorover, 2006) leading to reduced contaminant
transfer and decreased saturated hydraulic conductivity (Chen
etal., 2021; Sadeghi et al., 2000). This generally hinders infil-
tration and increases overland flow, which is known to be an
important vector of contaminants (Sarmah et al., 2006). The
difference between repacked and intact soil is expected to be

Core Ideas

* A device for collecting intact soil and subjecting it
to artificial rainfall was developed.

* The setup allows for high resolution measurement
and sampling of drainage and overland flow.

* It is designed for clean sampling permitting analy-
sis of various contaminants at trace levels.

* We present an experiment to test the device on
transfer of ivermectin from cow dung.

particularly effective for intense storm events that result in a
high proportion of rapid preferential flow and overland flow.
Therefore, in order to better evaluate the risk of contaminant
transfer through and over soils, it seems crucial to study trans-
fer through and over intact soil that includes native vegetation
with well-developed root channels, biopores, and other fea-
tures of the natural soil structure as described above.

Different techniques for the sampling of intact soil exist.
Sampling techniques can be coarsely classified into two
categories, either a sampling frame is forced into the soil
(Feyereisen & Folmar, 2009), or the surrounding soil is
removed and the soil sample is then surrounded by a support
structure and the sides are sealed with substances like concrete
or resins (Benecke et al., 1976; Buchter et al., 1984; Krog-
mann, 1986). The first one has the advantage of being rela-
tively simple, but is not adapted for soils containing stones,
as forcing on these stones destroys the structure of the soil.
Furthermore, this technique depends on heavy machinery in
order to push the frame into the soil and is therefore limited
to well accessible sampling locations. The second technique
is more adapted for a large variety of soils; however, the use
of resin or concrete should be avoided in experiments on the
transfer of organic contaminants at trace levels. These com-
pounds require the use of inert material that does not interact
with the studied compounds and allows cleaning with organic
solvents or heat treatment of the parts that are reused.

There are different approaches to studying contaminant
transfer through soils using dynamic experiments under con-
trolled conditions. Three types of approaches have been com-
monly used in other studies: (a) Soil columns (Archundia
et al., 2019; Kay et al., 2005b; Rath et al., 2016) are often
small and inexpensive, allowing the study of basic chemi-
cal and physical processes underlying contaminant transfer
through the soil matrix under controlled conditions and gener-
ating reproducible results. However, the applicability of their
results to environmental systems is limited because they do
not account for some important soil properties and processes:
structure (soils are often repacked), vegetation cover, overland
flow, erosion and transport of particles. (b) Lysimeters (Goss
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et al., 2010; Kay et al., 2005a) are an excellent tool for in-
situ studies of long-term vertical transfer through intact soil
and the potential for leaching of contaminants into ground-
water. However, they are often complex and expensive pieces
of equipment and installations, making them less convenient
for testing specific factors on multiple soils and for investiga-
tions on the scale of a few simulated intense rainfall events.
Furthermore, they are often not designed for quantification
and sampling of overland flow. (c¢) 2D-Soil boxes have been
used by some authors to study the transfer of pharmaceuti-
cals, by drainage and overland flow (Fernindez et al., 2011;
Popova et al., 2013). However, the only well documented
design allowing the use of intact soil for surface and subsur-
face transfer studies of organic contaminants that the authors
could find uses heavy machinery to push the sampling frame
into the soil (Feyereisen & Folmar, 2009). This restricts them
to accessible sampling locations and stone-free soils. There-
fore, we state the need of an experimental device and proto-
col to study pollutant transfer through and over a wide range
of intact soils under simulated rainfall in controlled condi-
tions. This device should allow to test the effect of different
factors such as rainfall intensity, initial soil moisture, slope
and soil type on the transfer of contaminants, while using
all stainless-steel equipment and capturing the intra-event
dynamics of water and pollutant fluxes at a high temporal
resolution.

We developed a hand maneuverable system that allows to
sample a 60 x 30 x 22 cm® (length, width, depth [LWD])
intact soil cuboid in the field. The sampling device fits in
a rainfall simulator and allows high-frequency measurement
and sampling of drainage and overland flow. The system
is entirely designed in stainless steel, to minimize chemical
interactions with the studied organic molecules. The use of
intact soil allows for a realistic soil response and the ex-situ
rainfall simulation allows for controlled conditions and mon-
itoring of all fluxes while avoiding contaminating the study
site. This device can provide insight into the hydrological
behavior of natural topsoils under different conditions and
forcing as well as the transfer of different types of contami-
nants (trace organic molecules such as pharmaceuticals and
pesticides, bacteria and viruses, particles such as microplas-
tics, metallic trace elements).

This paper presents the sampling strategy, the experimen-
tal setup, the limitations of the system, and potential appli-
cations. A technical validation experiment was conducted by
studying the transfer of ivermectin (IVM), a common live-
stock antiparasitic drug, from artificially contaminated cow
dung on an agricultural soil.

2 | MATERIALS AND METHODS

2.1 |
device

General design of the experimental

2.1.1 | The rainfall simulator

The rainfall simulator consists of a support for the soil box,
a rainfall simulator frame for the sprinkler, a booster (pump
with pressurized water reservoir), one or several water reser-
voirs, a rain collector frame surrounding the upper edge of
the soil box and a transparent PVC chimney (Figure 1). The
soil box support has an adjustable slope (0-18° [0-32.7%], 8°
in this work). The height-adjustable aluminum rainfall sim-
ulator frame (total height 114 cm) accommodates a sprin-
kler nozzle, a battery or mains operated motor that rotates the
nozzle continuously at 65 rpm, a pressure gauge, and spig-
ots. We have tested different full cone sprinkler nozzles of
the Lechler 490 series generating intensities ranging from
50 mm h~! (490.488.30) to 100 mm h~! (490.608.30). The
nozzles are easily exchangeable to adjust the rainfall intensity.
They generally generate fine drops with little kinetic energy.
This choice of finer raindrops was made in order to better
preserve the soil structure from one experiment to the next.
This allows comparing the soils reaction in different condi-
tions (e.g., wet vs. dry) on a soil that had been formed by
natural rainfall in the field although it limits soil erosion that
would be expected with such intense precipitation (see Dis-
cussion section for more detail).

The booster (Mac Allister 900W) generates a pressure fluc-
tuating between 1.4 and 2.8 bar. It is connected to a pres-
sure regulator to minimize variations in output pressure. The
booster is fed by 100-L water reservoirs, in which water trac-
ers can be applied. The rain collector frame covers 1.5 cm of
the soil’s edges and collects all the rainwater falling onto these
edges and outside the soil surface by means of the PVC chim-
ney. The excess rainwater is returned to the reservoir. Dur-
ing the rainfall simulation, a short PVC hose is connected to
each of the two outlets of the soil box (drainage and over-
land flow) to conduct the flow to glass containers placed on
scales. In our test, we used a Denver Instrument S-2002 (2 kg
max, d =0.01 g) for overland flow and a Precia Molen X201-
B (30 kg max, d = 1 g) for drainage. The scales are con-
nected to a PC that records mass values at 1 Hz. There are no
depressions in the flow path between soil and sample collec-
tion that could accumulate water and hinder flow continuity.
This ensures the samples to contain both the liquid fraction
and the suspended matter.
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2.1.2 | The sampling box

The sampling box is illustrated in Figure 1. It is made entirely
of stainless steel in order to minimize chemical interactions
with the studied organic molecules and allow cleaning with an
organic solvent (acetonitrile) or thermal treatment. Blueprints
and photos are provided in Supplemental Figures S1-S3. It
consists of a 60 X 30 x 25 cm? (LWD) base frame and remov-
able bottom and top lids. The base frame includes a horizon-
tally mounted removable 0.7-mm wire grid with 2-mm gaps,
supported by a 3-mm thick perforated plate with 5-mm square
holes, mounted 22 cm from the top of the frame. The per-
forated plate is supported by a mount welded to the bottom
lid. On the downhill side, the top 3 cm of the base frame is
perforated with 5-mm square holes to allow overland flow to
pass through. A gap below the perforated portion allows for
the insertion of a 3 X 296 x 90 mm?> overland flow collec-
tor plate into the soil 3 cm from the surface of the box. An
inclined U-shaped profile with an outlet (2-cm pipe) on the
side is welded to this side of the base frame allowing for the
collection of overland flow. The bottom lid is designed to col-
lect the drainage flow. Its downhill end converges to a 2-cm
pipe for water collection. The top lid is only used during soil
sampling. Both lids are attached to the base frame with stain-
less steel toggle latches (RS PRO).

2.2 | Procedure for sampling intact soil in
the field

The soil sampling protocol is designed to preserve the soil
structure. Sampling should be done under intermediate to
dry conditions, in order to avoid sampling very soft to liquid

"""" flow
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pressure
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pump

OF collector
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rain collector frame

overland
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excess
\~"rain water

Schematic illustration of the rainfall simulation setup and a 2D longitudinal cut through the sampling box

muddy soil, which would lose its structure. Under very dry
conditions, the soil should be slightly moistened with puri-
fied water to soften it and ensure sufficient cohesion during
cutting. The required water content depends on the soil type.
In practice, gradual moistening of an area close to the sam-
pling location can help determine the right amount of moist-
ening that provides cohesion without making the soil muddy.
The soil sample should be selected in a representative location
(vegetation, land use, slope, part of the hillslope). The original
slope should correspond approximately to the slope that will
be used in the experiment. The sample should have a relatively
even surface. The following sampling procedure is divided
into 12 numbered steps, a selection of which is shown in Sup-
plemental Figure S4. The positional terms used are depicted in
Supplemental Figure S1. (1) The sampling frame is placed at
the selected sampling location, oriented with the outlet point-
ing down the slope. (2) A trench approximately 35-to-40-cm
deep, 1.5-m long and 1-m wide is excavated on one side of the
selected sample location for easy access to the soil from the
side. A narrower trench is dug on the other three sides while
leaving 5-10 cm of intact soil on each side of the sample to
protect it.

The frame is gradually lowered around the sample by
repeating the following four steps (3—6) a few centimeters
each time until the soil surface is aligned with the top edge
of the sampling case (not extending beyond the frame’s upper
edge and not being more than 15 mm below it): (3) The soil is
carefully cut to fit the case. (4) Small rocks protruding from
the side are removed and the holes are filled with wet, com-
pacted original soil. If a hole is too large (more than a few cen-
timeters of diameter), changing the sampling location should
be considered. (5) The sidewalls are covered with bentonite
clay to seal them before (6) sliding the case along the walls
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(perpendicularly to the soil surface). (7) The cutting of the
bottom of the soil starts by making a set of horizontal bores
below the bottom of the soil from the side using a battery pow-
ered drill with a rock drill bit. Then (8) 6 mm (35-mm wide)
steel blades are carefully hammered into the bores, one by one,
next to each other, from the side, to support the soil. (9) The
top of the soil sample is covered with a lid attached to the base
frame. Two steel bars are slid under the blades in longitudi-
nal orientation (perpendicularly to the blades). Two other steel
bars are placed on top of the sample and screwed to the bot-
tom bars with four 32-cm long M10 threaded rods. This step
serves to firmly hold the sample. (10) The sample is lifted by
hand (three people) and turned upside down by slowly rolling
it over the edge of the hole. With the sample held firmly in
the frame, disturbance should be minimal when turning the
sample slowly. After removing the steel bars, (11) the bottom
3 cm of soil that was potentially affected by the steel blades is
removed. To ensure a uniform surface of the bottom of the soil
and to distribute the soil’s weight, (12) a thin layer (<1 cm)
of 4-mm glass spheres is added before closing with the grid,
the perforated plate and the lid firmly clipped onto the bot-
tom soil. The sample is then turned upright for transport to
the laboratory. Prior to the rainfall simulation experiments,
the overland flow collector plate is entered horizontally into
the upper soil on the downhill side of the box (1-cm deep,
3 cm below the frames upper edge; see Figure 1). Finally, the
upper edges of the soil are sealed with a mixture of field soil
matrix and water. This sealing as well as the rain collector
frame covering the boundaries are used to prevent infiltra-
tion through potential gaps along the sidewalls. We could not
apply petroleum jelly as used by other authors (e.g., Williams
et al., 2020) because of potential chemical interferences with
the studied contaminants. However, in addition to the mea-
sures described above, flow along gaps between the sidewalls
and the soil should be limited as long as the soil is in unsat-
urated condition. Vegetation is cut to a level below the rain
collector frame.

2.3 | Rainfall simulation experiment

2.3.1 | Measured variables

Artificial rainfall is applied at the selected intensity and dura-
tion. In the test case section, we present two nozzles that allow
to obtain intensities of 50 and 100 mm h~!. Drainage and over-
land flow are collected in separate, pre-weighed sample con-
tainers placed on two scales. The mass values are transmit-
ted to a PC via a serial port at 1 Hz and stored together with
the time in a “.csv” file. Because of the flow monitoring via
mass values, special care must be taken when changing the
sampling containers: First, the hose is moved to the new con-
tainer. After waiting 3 s, the old container is removed and the
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new one is placed on the scale. The times of moving the hose
and placing the new container are noted, as well as the ID of
each pre-weighed container. The mass values during the con-
tainer change are removed from the mass time series. The soil
is weighed with the box before and after the rainfall simula-
tion experiment. The difference gives the change in soil water
storage (AStor)-

2.3.2 | Calculated variables

The mass values of the empty containers are systematically
subtracted from the mass time series and after each container
change, the previous mass is added to all subsequent timesteps
by a python program. This provides a cumulative time series
for each water outflow (drainage and overland flow), assum-
ing that all mass recovered is water and has a density of
1 g ml~!. The water volume can be converted to water height
by dividing it by the soil surface (30 x 60 cm?). The values at
the last timestep of these series are the total outflow volume
of the drainage (VDrqgr) and overland flow (VRpgp). The
instantaneous water discharges of drainage Qp(t) and over-
land flow Qg(t) at each time t are obtained by dividing the
volume difference by time difference between two consecu-
tive measurements. Weighing is continued for several hours
after the end of rain application (until dripping stops) to cap-
ture all outflow water.

The total soil water content at the beginning (V) and
end (V) of each experiment is obtained by subtracting
the weight of the whole soil dried at 105 °C until stabiliza-
tion (approximately 10 d) after the rainfall simulation experi-
ments are completed and the mass of the empty box from the
total mass.

The total precipitation volume (VPrqr) is calculated by
closing the water mass balance as follows:

VPror = VDror + VRror + AStor ()

The precipitation intensity PI(t) is set to (VP1qp /T) for the
duration of the rainfall simulation and O otherwise, assuming
constant intensity. T is the rainfall duration.

If atracer (e.g., bromide, deuterium oxide) is used, the event
water fraction (i.e., fraction of flow from current rain event)
can be calculated through a two end member mixing model.
Assuming a known concentration c; in the soil water prior to
the experiment (e.g., ¢, = 0 if no tracer has been added previ-
ously), a known concentration c, in the tracer-enriched arti-
ficial rainwater, and a measured drainage concentration Cp,,
we can decompose Qp, by applying the water mass conserva-
tion hypothesis:

QD=QDCV + QDprc (2)
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and the tracer mass conservation hypothesis:

QD Xcp = QDev X cp + QDpre X € (3)

where Qp, ., is the discharge of water from the current rain
event in the drainage and Q) . is the discharge of pre-event
water in the drainage (water that was stored in the soil before
the rain event). By substituting Equation 2 into Equation 3, we
can then determine

QDeV=QDXM 4)
(Cp_CS)

where (cp —¢,)/ (cp — ¢,) represents the event water fraction
f ev*

The overland flow coefficient CR for a whole event (i.e., the
period between the start of precipitation to end of outflow) and
at a time ¢ during the event CR(¢) are calculated as cumulative
overland flow volume (of the whole event or up to ¢, respec-
tively) divided by the cumulative precipitation volume (of the
whole event or up to 7, respectively).

2.4 | Technical validation
2.4.1 | Homogeneity and stability of simulated
precipitation

The spatial homogeneity of the simulated rainfall was experi-
mentally validated by placing 105 cylindrical plastic contain-
ers with a diameter of 4 cm and a height of 5.8 cm inside
the empty sampling case, aligning the plastic containers and
the base frame at the top edge. Rain was then simulated for
approximately 20 min and the water height in each container
was measured. Temporal variability and overall intensity were
verified by simulating rain on an empty sampling device and
continuously measuring the discharge. We proceeded like
this for various full cone sprinkler nozzles of the Lechler
490 series generating intensities ranging from 50 mm h~!
(490.488.30) to 100 mm h~! (490.608.30).

24.2 | Contaminant transfer test

The device was tested on a colluvial brown calcareous pas-
ture soil with silt-loam texture from Le Pradel, 07170 Mirabel
in France (44.58206° N, 4.49998° E, WGS84). The site is
part of the OHMCYV observatory and is presented in Nord
et al. (2017). Fresh cow dung (80% humidity, cows not treated
with avermectins) was contaminated with IVM (veterinary
oral solution ORAMEC) to a final concentration of 3 mg kg~!
fresh weight, corresponding to the highest observed concen-
tration in dung after pour-on treatment (Herd et al., 1996).

The contaminated cow dung was homogenized and shaped by
hand into a circular cake, 20 cm in diameter. It was placed
with its edges 30 cm from the downhill edge, 10 cm from the
uphill edge and 5 cm from both sides of the sampling device
(Supplemental Figure S5). Artificial rain (distilled water with
130 mg L~! bromide tracer for the calculation of event water
fractions) was applied for 1 h at an intensity of 92 mm h~!,
corresponding to a rainfall event with a return period of 10—
20 yr for this region (Beuerle, 2021). The same intensity over
half an hour corresponds to return period of about 5 yr. The
length of the simulated rainfall event allows following the evo-
lution of water and contaminant fluxes, while the event can
still be used to approximate the water and contaminant transfer
during a shorter more frequent event by analyzing the begin-
ning of the event. The experiment was conducted on semi-dry
soil (8 = 22%). Sampling and measurement were stopped 4 h
after the start of the simulated rainfall. In total we collected
14 drainage samples and 9 overland flow samples. For the
drainage samples, the collection interval varied from 2.5 min
at the beginning of the experiment over 6 min during most of
the simulation to 2 h for the last sample. For overland flow,
the collection interval was 6 min at the beginning of the sim-
ulation and 8 min at the end.

2.5 | Water sampling and chemical analysis
Samples were collected in glass bottles (Schott Duran 500 ml),
which were washed using a professional washing machine
(Miele professional G 7883) and then heated to 500 °C for
3 h (Nabertherm L 9/11/B170 oven) before use to ensure ana-
lytical level cleanliness. Immediately after collection, the bulk
water samples were split for different analyzes. In this test, the
following analyses were carried out: major anions, dissolved
organic carbon (not presented) and IVM. The coefficient of
variation and limit of quantification determined for the IVM
analyzes were <5% and 1 ng L™, respectively. More details
on the chemical analysis, which is specific to our test experi-
ment, can be found in the Supplemental Material file.

3 | RESULTS AND DISCUSSION OF THE
TECHNICAL VALIDATION

3.1 | Rainfall simulation

3.1.1 | Homogeneity and stability

Here we present results obtained with the Lechler 490.680.30
sprinkler nozzle mounted 67 cm above the soil surface (cen-
ter), which is the configuration used in the presented test.
The coefficient of variation of rain intensity was 8% over the
78 spatially distributed samples that were not covered by the
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border. The spatial distribution is shown in Figure 2. As
expected, the 8° slope resulted in a slight decrease in inten-
sity toward the bottom of the slope, where raindrop trajectory
and dispersion are highest. Regarding temporal stability, the
system produced small periodic variations in rain intensity of
10% with a period of 2.5-3 min due to pumping cycles with a
constant average throughout the artificial rain event. With the
Lechler 490.488.30 sprinkler nozzle, the coefficient of vari-
ation in rain intensity was 7% over the spatially distributed
samples and the periodic variations due to pumping cycles
were 10% with a period of 3-3.5 min.

3.1.2 |
protocol

Limitations of the rainfall simulation

The two sprinkler nozzles used Lechler 490.488.30
and 490.680.30 generate fine droplets (mean diameter
[D,]= 0.69 and 0.75 mm, respectively) with low kinetic
energy (Eyj,= 148 I m™2 mm~! and 2.76 J m~2 mm™!,
respectively). For comparison, we analyzed disdrometric
rainfall data from the nearby La Souche meteorological
station from July 2012 to March 2020 (OHMCYV, 2012).
For rainfall intensities between 50 and 100 mm h~!, the
average D, was 1.05 mm (0.41-1.94) and the average Ey;,
was 63.4 J m™2 mm~! (16.1-208.7). This shows that the
simulated rain has less kinetic energy and slightly smaller
drops than the observed average for similar precipitation
intensities. While D, is within the range of observed values,

the kinetic energy is much lower. The size distributions
of simulated raindrops measured with an OTT Parsivel2
disdrometer are illustrated in Supplemental Figure S6.

The choice to generate fine droplets with low kinetic energy
was made with the intention of preserving soil structure
over several rainfall simulation experiments so that transfer
through initially wet vs. dry soil could be compared for the
same state of the soil surface. The soil surface itself being
formed by natural precipitation and other processes in the
field, which a rainfall simulator could most likely not per-
fectly imitate. Furthermore, the goal was to assess contami-
nant transfer in the dissolved phase rather than to study soil
erosion processes. This has the drawback of not generating
realistic erosion thus underestimating transfer of soil particles
and sorbed contaminants. If this were the focus, a different
nozzle could be used and mounted at higher distance from the
soil surface to higher kinetic energy and larger drop size, as
for example in Humphry et al. (2002).

Monitoring water discharge via the outflow mass has
the advantage of being non-contact and independent of the
receiver, which facilitates analytical level cleanliness and
avoids stagnating zones that could trap water and sediment.
It allows relatively precise measurement (depending on the
scale’s precision) and simple automated processing. However,
it requires a particular rigor when changing the sampling con-
tainers. Assuming an average mass uncertainty of 2 g at each
container change, we obtain a cumulated uncertainty of 30 ml
(0.17 mm) over the whole event, which represents 0.2% of the
total rainfall (92 mm).
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FIGURE 3 Dots represent ivermectin concentration ([[VM]) in

drainage (blue, subscript D) and overland flow (orange, subscript R)
during the rainfall simulation experiment, lines represent corresponding
water discharges (same color). The drainage discharge is divided into
event water (dark blue) and pre-event water (gray) using the bromide
tracer concentrations. For illustration purposes, a sliding average of 15
triangularly weighted values is applied to the water discharges to
smooth them

The calculation of soil water content by subtracting dry
mass assumes that there is no significant change in soil dry
mass during the experiments. For solid matter fluxes with
water, this can be verified and corrected by drying or filter-
ing the outflows and determining their dry mass. For plant
growth and organic matter decomposition, this is considered
negligible over a few days. For longer experiments, this adds
uncertainty to the absolute water content. The evolution of
water content and the magnitude of water content change
(AStoT) are not affected. The uncertainty of weighing the
entire soil box was 100 g, which corresponds to an uncertainty
in the absolute volumetric water content of 2.8% (0.56 mm).
It should be kept in mind that in the current setup (seepage
face as lower boundary condition), the device is designed to
study infiltration excess overland flow and leaching.

3.2 | Application of the experimental device
to transfer of IVM

3.2.1 | Water and IVM fluxes

The event CR for the contaminant transfer test experiment
was 13.5%, while Qg (t) is slightly decreasing over the course
of the event (from 17 mm h~! after 15 min to 10 mm h~!
after 60 min; Figure 3). The QO (f) increases throughout the
event reaching 75 mm h~! after 60 min. The event water frac-
tion in the drainage was relatively constant throughout the

experiment (87%). The IVM concentration values are gener-
ally higher (69-3,854 ng L™!) in overland flow with highest

values in the beginning of the event and decreasing with time,
while they are lower (0.5-94 ng L~!) and much more irregu-
lar with multiple peaks in drainage. Overall, during the event,
174 ng IVM (0.058%o of applied quantity) were exported via
drainage, while 2,974 ng (0.99%0) were exported via over-
land flow. As this experiment was deployed to test the device,
potential environmental implications are not discussed in this
article and will be part of another study.

3.2.2 | Applicability of the experimental setup
The test confirmed the design of the box in terms of the fea-
sibility of intact soil sampling and the overall setup for con-
taminant transfer experiments. The setup allows experiments
to be conducted under controlled conditions (rain duration
and intensity, initial soil condition, temperature, contaminant
input) on intact field soil at a scale that preserves soil structure
and especially macropores acting as preferential flow paths
(drying cracks, earthworm galleries, root channels). Using
the box for both sampling and rainfall experiments without
the need to transfer the soil facilitates handling and increases
experimental reliability. All mass balance components can
be measured or calculated and water discharges as well as
contaminant and tracer concentrations can be measured at
very high (seconds) and high (minutes) intra-event frequency,
respectively. Working with intact soils potentially limits the
reproducibility of results due to sample heterogeneity and the
large number of influencing factors, but nonetheless repre-
sents a more realistic approach to mimic real environmental
systems and parameters. This is crucial for a better estima-
tion of environmental risks by a more accurate, although less
precise, prediction of environmental concentration.

This protocol can be adapted to different scientific ques-
tions. A wide range of rain intensities and durations can be
selected by using different nozzles. The rain simulator could
also be adapted to produce larger drops with higher kinetic
energy if erosion is to be studied.

The presented device has the potential to contribute to a
more realistic estimation of the transfer of environmental con-
taminants through and over the topsoil and thereby improve
the environmental concentrations predicted in environmental
risk assessments. Further application of this device is under-
way and we are open to collaborations willing to use it.
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