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For nitrates are not the land, nor phosphates;
and the length of fibre in the cotton is not the
land. Carbon is not the man, nor salt nor water
nor calcium. He is all these, but he is much more;
and the land is much more than its analysis.

John Steinbeck,
The Grapes of Wrath
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Abstract

Soils are complex ecosystems affected by various contaminants, includ-
ing trace elements and pesticides. Despite their low environmental con-
centration, trace elements pose important risks to human and ecosystem
health due to their toxicity and their mobility that is influenced by com-
plex formation with organic compounds. Pesticides commonly found in
agricultural soils, such as glyphosate and tebuconazole, can bind trace
elements, but the extent to which they affect their transfer to hydrosys-
tem and plant remains poorly understood. Additionally, the role of or-
ganic matter in mitigating these effects via competitive binding is un-
Clear.

This thesis aimed to better understand how pesticides may influence
trace element transfer from the soil to soil solutions and plants. There-
fore, extractability experiments and greenhouse experiments (with Trit-
icum spelta) were conducted on four soils with contrasting contamina-
tion backgrounds. These experiments assessed how these ligands (for-
mulated and unformulated pesticides as well as a metabolite and dis-
solved organic matter), alone and in combination, influence trace ele-
ment extractability and transfer.

Results showed that all organic ligands affected trace element extracta-
bility, varying by soil and element. Combined effects were mostly ad-
ditive or sub-additive, with occasional synergy. In greenhouse experi-
ments, glyphosate showed similar trends to extractability experiments
but with less variation between elements. In general, increased anthro-
pogenic contamination reduced organic compounds effects on trace el-
ement mobility. Solid organic matter (compost) helped reduce mobility
in highly contaminated soils but increased risk in those with low mobile
trace element content. Overall, we showed that there is a potential risk




of increased trace element exposure through pesticide use, especially
for toxic elements such as Pb, Cd, and As.

12 Thesis Nathan Bemelmans | 2024



1. Introduction

Soils are incredibly complex ecosystems that are highly impacted by
human activities, affecting their quality and limiting their ability to ful-
fil their functions. One of the pressures weighing on soil is contamina-
tion. This not only limits the availability of useable land but also di-
rectly affects human and ecosystem health, as contaminants spread
throughout the environment, are taken up by plants, and end up in food
products. Some lands are naturally-enriched with contaminants, but can
still pose risks.

There is a wide variety of substances among contaminants, both organic
(such as hydrocarbons or microplastics) and mineral compounds. Trace
elements (As, Pb, Cd, Cr, Cu, etc.) can be toxic and occur in a wide
range of concentrations with significant variations across different ele-
ments and soils. These elements are present naturally, resulting from
the bedrock alteration, but can also originate from anthropogenic activ-
ities, including atmospheric deposition of pollutants or importation as
stowaways in fertilizers or organic matters. Yet, contaminants do not
behave independently and may interact with each other, potentially am-
plifying or mitigating their harmful effects. For example, organic com-
pounds may influence soil pH but also form complexes with trace ele-
ments. Among organic contaminants, pesticides especially occur in ag-
ricultural soils where they are applied. The herbicide glyphosate is one
of the most well-known and commonly found pesticides and it has been
shown to interact with trace elements through binding processes, form-
ing complexes. However, other pesticides also presented similar trends,
such as the fungicide tebuconazole. These interactions could influence
the behaviour and the toxicity of trace elements in agroecosystems, al-
tering their chemical properties and thereby affecting their ability to
sorb onto soil particles, remain stable in solution, and even cross cell




membranes up to plant accumulation. To date, the influence of contam-
inants on each other’s behaviour remains a blind spot in our understand-
ing of their impacts. In a broader sense, the influence of organic com-
pound addition remains neglected regarding its role on trace elements
mobility.

This thesis aimed to deepen our understanding of these processes by
studying the influence of pesticides (glyphosate and tebuconazole) on
the transfer of a wide variety of trace elements (As, Ba, Cd, Co, Cr, Cu,
Mn, Mo, Ni, Pb, Sb, Sn, Ti, V, and Zn) from soil to solution and to
plant. Additionally, it explores the potential use of exogenous organic
matter as a means to mitigate possible pesticide-driven influence in
trace element mobility.




2. State of the art

2.1. Trace elements

2.1.1. Who are they?

Our environment conceals a myriad of chemical elements. Though very
variable in their abundance and unequally distributed, every handful of
earth, water, or leaves contains them in all their diversity, from the most
common to the most exotic. While the Earth's crust is primarily com-
posed of silicon and oxygen, its core is predominantly made of iron.
Living organisms are largely composed of carbon, hydrogen, oxygen,
and nitrogen. On the other side of the spectrum, there is a series of ele-
ments sometimes necessary for the health and metabolism of living or-
ganisms, but they all become toxic when reaching higher concentra-
tions, which makes them a challenge for environmental and human
health. Some of the most toxic caused sanitary disasters, like the mer-
cury pollution of Minamata (Harada 1995), or have marked the public
through notorious contamination such as the lead poisoning that could
have caused L. van Beethoven’s deafness (Stevens et al. 2013). More
generally, there has been a widespread use of products like ceruse (a
lead carbonate) or Scheele’s Green (a copper arsenite) throughout the
history for such mundane applications as dyes or cosmetics (Drasch
1982; Whorton 2010). Some have even been inscribed in popular cul-
ture with, for example, the arsenic suicide of Emma Bovary in Gustave
Flaubert’s novel. It isa common misconception among the broader pub-
lic that trace elements have mainly been a threat to humans since indus-
trialization, but human poisoning by trace elements is an old history.
Evidence of arsenic poisoning dates to the Bronze Age (Charles 1967)
and a great variety of lead poisonings are reported in the Late Antiquity
(Drasch 1982).




As elements are unequally distributed among compartments, the ele-
ments that are considered as “trace” vary across the fields of research,
as each have produced their definition regarding their needs. In medi-
cine, trace elements are considered referring to concentrations in tissues
(Mertz 1981), while in geochemistry, trace elements are commonly de-
fined as elements that are individually representing less than 1%o of the
mass of the Earth's crust (Kabata-Pendias 2011). This definition also
includes elements well known as “heavy metals” although this term is
considered obsolete because it includes elements with a density lower
than the usual threshold of 5 g cm™ (e.g., Ti) as well as metalloids and
non-metalloids (As, Sb, and Se; Duffus 2001; Chapman and Holzmann
2007). Trace elements are still a major subject as they constitute valua-
ble ores and are vital for the world’s economy. For example, copper is
widely used in conductors and elements like the lanthanides (also
known as rare earth elements) are crucial for modern technologies.
However, handling of trace elements comes with societal costs due to
increased spending in healthcare (Landrigan et al. 2002) but also for
loss of surfaces that become out of use or need costly rehabilitation
(Khan et al. 2021).

Cycle of trace elements

Trace elements are present in minerals either as major constituents of
the structure, like for lead in galena, copper in malachite, mercury in
cinnabar, vanadium (and lead) in vanadinite or arsenic in orpiment, or
as trace (as impurities) diluted in other elements. In some cases, like
chromium, the structure of minerals can be constituted in totality by one
element, one then refers as “native element mineral”. More commonly,
trace elements are present in rocks to various degrees depending on
their type and formation processes, for example, Lovering (1976) notes
average lead concentrations of 32 mg kg for carbonaceous shales
against 11 mg kg™ for limestone and dolomite. Thus, in igneous rocks




(rocks that are derived from a magma), the trace elements content de-
pends on both the initial concentration in the magma and the fractiona-
tion processes. When a magma is cooling or heating, minerals are pre-
cipitating or melting following the Bowen’s reaction series (Bowen
1922); in these processes certain trace elements are preferencially in-
corporated into minerals while others are excluded (Hart and Allegre
1980). By weathering of these igneous rocks, some trace elements are
directly released into water while others, following the pedogenesis
process, integrate into soil particles.

Transport through the air is also key (Figure 2.1). Indeed, trace elements
are emitted by magmas through volcanic gases at rates exceeding
100 kg, and potentially more than 1000 kg per day of elements such as
Pb, Zn and Cu for volcanoes like the Etna or the Kilauea during eruption
events (Crowe et al. 1987; Edmonds et al. 2022). They are also mas-
sively transported as (or carried by) dust from aeolian erosion that can
represent up to 50% of the total input to the atmosphere for elements
like Cr, Mn, and V (Patterson and Settle 1987; Rauch and Pacyna 2009;
Camarero et al. 2009). Other processes and events, such as forest fires
(especially for Cu, Pb, and Zn) but also sea salt sprays (Cu and Pb;
Nriagu 1989; Pacyna and Pacyna 2016), represent a less important con-
tribution to the atmosphere (<15% of the total budget; Nriagu 1989). In
addition, often overlooked biogenic sources can contribute up to 60%
of airborne trace elements in forest regions (like As and Hg; Nriagu
1989), they are mainly transported by spores or pollen. Air transport
being so important, the dissemination of trace elements is intimately
linked to climate through wind and rain (Jickells et al. 2005).

Beyond these natural sources, human activities also release trace ele-
ments in the atmosphere. Important fluxes come from the combustion
of fossil fuels, accounting for more than 85% of total anthropogenic
emissions of elements like Ni, Sn, or V, but less than 15% for As and
Cu (Nriagu and Pacyna 1988), but also from the waste combustion.




Transport is an important source of Pb through the combustion of fuel
but also the wear from tires and brakes (Adachi and Tainosho 2004;
Pacyna and Pacyna 2016). Finally, the industry and especially the
smelting industry, represents 40 to 65% of anthropogenic Cr, Cu, and
Zn inputs into the atmosphere but other domains such as cement pro-
duction are also important contributors (Nriagu and Pacyna 1988).
Note, however, that some old data regarding global trace element
budget to the atmosphere present important uncertainties, because of
estimates based on correlations with other trace elements and the im-
plementation of many regulations that are resulting in decreased anthro-
pogenic trace element emissions (Poulakis et al. 2015; Dimitriou and
Kassomenos 2017; Harlavan et al. 2021).

Atmosphere gy
L J
Trace ®
elements

Atmospheric
depisitions

Agricultural

Aeclian
erosion

Figure 2.1 Major trace elements fluxes in agricultural contexts

The deposition of all the suspended particles (dusting process) implies
that a soil has a composite origin and does not only originate from a
single material. Note that the diagenesis of the created secondary mate-
rials produces sedimentary rocks, they are secondary materials whose
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trace element content is the result of a wide diversity of processes in-
volved in the formation of the primary materials. All these soils can
reach back to the mantle in subduction zones. Through hydric erosion
these soil particles can be transported to the hydrosystem. In the soil,
such as in aquatic ecosystems, trace elements can be incorporated in a
variety of organisms including plants and thus run through the food
chain and possibly be ingested by humans (Dudka and Miller 1999).

Toxicology

Trace elements can have harmful effects on both human and environ-
mental health. There are two main types of toxicity trace elements are
associated with (Goldhaber 2003): acute and chronic toxicity. The first
one occurs after a single exposure to a high dose, leading to diseases or
causing death in extreme cases. For example, lead can cause delirium
(Wani et al. 2015), severe arsenic poisonings cause gastro-intestinal le-
sions and nausea (Ratnaike 2003), and acute cadmium poisoning can be
the cause of renal failures and cardiopulmonary depression (Bernard
and Lauwerys 1984). The second one concerns effects consecutive to
repeated expositions to low doses. These chronic exposures have been
shown to cause a wide variety of diseases including cardio-vascular dis-
eases, anaemia, liver disturbances, or cancer (Calabrese et al. 1985). In
addition to the risk posed by pollutants alone, their risk can combine
and even have synergetic effects (Altenburger et al. 2000; Cedergreen
2014), the same goes for trace elements (Wu et al. 2016).

In addition to their deleterious effects on human health, trace elements
affect the functioning of ecosystems by diminishing microbial biomass
(He et al. 2005), they accumulate in fishes and affect their physiology
(Shahjahan et al. 2022), but they could also be linked to the decline of
forests (Gawel et al. 1996).




2.1.2. Trace elements in agroecosystems

Agroecosystems are crucial for human societies but face numerous
pressures, trace elements being one of them. These elements join those
that are already present in the soil through various pathways. One pri-
mary route is the weathering of the parent materials that all contain trace
elements to varying degrees, whether high or low and are then inherited
by the soils formed from these parent materials (Adriano 2001; Pacyna
and Pacyna 2016).

In addition to these natural sources and processes, human activities have
a major influence on trace elements import and cycling. Indeed, air-
borne trace elements are also massively imported leading to widespread
diffuse contaminations, especially around industrial poles and along
roads (Bermudez et al. 2012; Biasioli et al. 2012; Modrzewska and
Wyszkowski 2014). Besides, there are direct inputs of trace elements
into the soil, either through accidental pollution with highly trace ele-
ment-concentrated materials or, more commonly, through enrichment
because of trace elements being unintentionally introduced as stowa-
ways in substances added for other purposes. In agriculture, organic
matters that are commonly enriched in trace elements such as sewage
sludge, plant compost (Hg, Pb), manure (Mo, Ni, Zn), and other inputs
of animal origin are a major source (Belon et al. 2012, Figure 2.2). An-
other is mineral fertilizers that are produced by mining, such as those
containing phosphate (especially for Cd, Cr, and Se). Pesticides can also
be a source, though the use of metallic pesticides has decreased, this
mainly regards Cu that is the main component of Bordeaux mixture
(Adriano 2001; Nicholson et al. 2003; Ballabio et al. 2018). Finally,
through time, various products have been discovered to have somehow
beneficial properties without being originally destined to an agricultural
use. For example, steel industry residues have sometimes been im-




State of the art

ported in plots to increase cation exchange capacity (CEC), that is de-
fined as the number of negative charges per mass of soil, and bring nu-
trients. Note that trace elements are persistent contaminants in soil as,
in opposition to most organic contaminants, they cannot be removed by
degradation.

100%

80% 1 il L . N - . L. .*.7.1 Animal effluents

Atmospheric deposition

:: - - ] 1 il Sludges and composts

40% 14+ . . . ] Liming materials

;
H 1T

Mineral fertilizers

20% 4 |—L | e [ e 1111 S 11 S 1Sy 1
|| - E % Pesticides

Zn Mo Ni As Cu Hg Pb Se Cr Cd

Figure 2.2 Annual contribution of six main contamination sources to
the average total amount of 10 trace elements reaching soils from
France (Belon et al. 2012).

Legislative aspects

Due to their toxicity, regulations exist to avoid the practice of activities
supposed to increase the public exposure to trace elements. In Wallonia,
this is part of a corpus of laws called “Décret Sols” (Soils decree). The
link between pollutant content (also others than trace elements) and as-
sociated authorized category of use is detailed in its annexe I. The only
trace elements considered are As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn for
five categories of soil use with increasing tolerance for trace elements
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(Table 2-1; Gouvernement wallon 2018): natural zones (category 1); ag-
ricultural uses (category Il); residential uses (category I11); recreational
and commercial zones (category IV); and industrial uses (category V).

If trace element content in a soil is superior to the norm (for recent pol-
lutions, after April 2007), the polluter needs to remediate the site. In the
case of older pollution, a risk assessment must be carried out. After re-
mediation, trace element content in soil must be inferior to 80% of the
threshold value (Gouvernement wallon 2018).

For trace elements in food products, a European legislation sets limits
for As, Cd, Hg, Pb, and Sn in a wide diversity of food products that
varies across the elements (EC 2023). For example, Hg is only regulated
in fishes, molluscs, cephalopods, food supplements and salt while for
Pb is added a wide diversity of agricultural products, beverages, etc.

Table 2-1 Threshold values in soils (in mg/kg of dry matter) associated
with trace elements and categories of use (Gouvernement wallon 2018).

Threshold value by soil use category
Trace elements Category | Category | Category | Category | Category
I I " \ \%
Cd 1.8 1.3 3 10 20
Cr 57 57 78 140 288
Cu 53 53 156 490 600
As 30 30 40 40 65
Ni 87 87 146 350 350
Pb 120 200 200 390 1840
Zn 196 196 415 3000 3000
Hg 1.1 1.1 1.75 5 5




2.1.3. Speciation of trace elements in the soil

Liquid fraction

The soil is a complex system with typically a solid, a liquid (i.e., soil
solution), and a gaseous fraction. In addition, it houses a diversity of
living organisms able to modify their environment. Coherently, the be-
haviour of individual atoms varies heavily in function of the soil condi-
tions and the location of the element in the system. In the liquid fraction,
both pH and redox conditions play a major role as they determine the
level of oxidation of the element and can influence their speciation (dis-
tribution of an element amongst defined chemical species in a system,
IUPAC 2019) that controls their solubility, precipitation, etc. (Adriano
2001; Kabata-Pendias 2011). Therefore, it is common to represent the
speciation of trace elements in function of pH and Eh (i.e., Pourbaix
diagram) thermodynamically controlled (Figure 2.3). Then, some ele-
ments can be under the form of oxides, hydroxides, etc. (Hooda 2010).
They might also be in a free ion form (for example Zn?*) or a hydrated
one (Zn(H20)¢?*). However, in circumneutral soil pH and in soils that
are not flooded, most trace elements are in the Me?* form (Me stands
for metal), except for As, Mo, and Sb that are usually in the form of
oxyanions (like AsO4>", HAsO4?", MoO4?", and Sb(OH)s ", respectively;
Adriano 2001; Okkenhaug et al. 2011). Besides, trace elements can also
be part of organic molecules (like HgCHs). Note that other substances
in solution, such as CO> or sulphate, influence the trace element speci-
ation altering the global charge (Pedeferri 2018).

Other components present in the solution can also interact with trace
elements. In solution, organic compounds can form complexes with
trace elements that can either be stable in solution or precipitate. A com-
plex is defined as a molecular entity formed by loose association in-
volving two or more component molecular entities—ionic or un-
charged—or the corresponding chemical species. The bonding between




the components is normally weaker than in a covalent bond (IUPAC
2019). In surface chemistry, complexes are termed "inner sphere" when
no water molecule is involved in the bond between a surface and a com-
pound. Conversely, when water is involved, the complex is referred to
as "outer sphere”. It is common in the literature to use the term “chela-
tion” or “chelator”. It is a specific case of complexation defines as the
formation or presence of bonds (or other attractive interactions) be-
tween two or more separate binding sites within the same ligand and a
single central atom (IUPAC 2019). In addition, colloids that are organic
or mineral particles with a diameter between the orders of the nanome-
tre and the micrometres, considered as part of the solution, can also sorb
trace elements (de Jonge et al. 2004; Shaheen et al. 2013). This means
that they can bind them on their surface, thus serving as an element
transporter.

ok
n

Eh (volts)

(=]

HAsO5*

AsO*

Figure 2.3 Pourbaix diagrams for As in soils (Lombi and Holm 2010).




Solid fraction

In the solid fraction, trace elements can be either occluded in minerals
or sorbed onto particle surfaces. When they are occluded, there is a high
chance that they were already part of the parent material or have been
imported before being occluded because of subsequent processes
(Tessier et al. 1979; Adriano 2001). Furthermore, all elements occluded
in minerals are facing different circumstances, as some may be more
easily released than others depending on the stability of minerals. As an
example, oxides might release the trace elements they contain if put in
reducible conditions, while more stable (less reactive and difficult to
dissolve) minerals like quartz may not.

To determine in which kind of phase the elements are, and thus how
easy it is to mobilise them, various procedures called sequential extrac-
tions have been elaborated to fit different needs. One was described by
Tessier et al. (1979) and distinguishes five fractions that are, from the
most to the less mobile: the exchangeable fraction, the fraction bound
to carbonates, the fraction bound to iron and manganese oxides, the
fraction bound to organic matter, and the residual one. Another, pro-
posed by the Commission of the European Communities Bureau of Ref-
erence (BCR) separates an exchangeable, a reducible, an oxidizable and
a residual fraction (Zemberyova et al. 2006). Note that, as protocols are
not identical, fractions with the same names across protocols (ex-
changeable, residual) may not be comparable. Moreover, sequential ex-
tractions face criticism due to the fact that they were designed for sedi-
ments and may not be suited for other contexts of use, such as polluted
soils in distinct geochemical contexts. In additions, it has been pointed
out that: (1) reagents usually lack selectivity; (2) re-adsorptions can oc-
cur throughout the process; and (3) sample pre-treatment could also be
a source of errors (Martin et al. 1987; Gleyzes et al. 2002)

Trace elements brought by anthropogenic contaminations tend to be
found on the surface of soil particles (Rauret 1998; Sungur et al. 2014).




When they are sorbed via surface charges, they are then called ex-
changeable, meaning that they are easily transferred to solutions. Those
surface charges are especially present on clay minerals (White 2009).
In addition to the mineral phase, organic phase can play a major role,
mainly due to its important CEC. Beyond its influence on the soil solu-
tion, pH influences the number of charges available for the binding of
trace elements as H* tends to compete with other cations for binding
sites. In addition to that, alkaline pH promotes adsorption via inner
sphere complexes of elements on a hydroxide form (MeOH™), while
lower pH promotes non-specific adsorption (Kim et al. 2015). Beyond
the mineral matrix, trace elements are included inside underground liv-
ing organisms being plants, fungi, bacteria, or animals (Brantley et al.
2001; Kabata-Pendias 2011; Arbalestrie et al. 2022).

2.1.4. Transfer of trace elements in agroecosystems

Soil-plant transfer

Plants play an important role in the cycling of trace elements, through
root uptake, accumulation and litter recycling. They can also absorb
trace elements from the atmosphere through their aerial parts but also
from the soil through their roots. However, a series of barriers regulate
trace elements transfer. Plants possess in their roots a Casparian band
(or strip), which is a thickening of the endodermis mainly composed of
suberin and lignin (Figure 2.4, Taiz and Zeiger; 2006). This boundary
prevents the apoplasmic transport (i.e., transport through cell walls
without crossing membranes) and forces elements to cross membranes
through specific transporters. This process favours the transfer of ele-
ments that are either selected by plants or that are much alike others and
can use their transmembrane transporter. A well-known example is Cd
that uses Ca transporters (Li et al. 2017b). However, some trace ele-
ments may cross the barrier through imperfections in the Casparian
band, especially at the root tips and zones of lateral roots emergence.




Thus, trace elements may reach the vascular system only by the apo-
plasmic pathway (Perry and Greenway 1973; Haussling et al. 1988). In
addition to the capacity of plants to take trace elements up from the soil,
their ability to translocate them to other organs of the aerial part is key
for the total mass of element that is taken up. A non-linearity between
the concentration of available trace elements and their content in plants
was reported and was attributed to the fact that trace elements may be
toxic for plants implying saturation processes. All plant species do not
have the same ability to physiologically cope with trace elements. Con-
sequently, some that are especially prone to take them up without major
physiological failure are called accumulators or in extreme cases hyper-
accumulators (Li et al. 2007). They are used to remove trace elements
from soils (phytoremediation). Soil-plant transfer is considered critical
for the exposure of humans to trace elements through the consumption
of contaminated food.

The bioavailability of trace elements, i.e., ability to be taken up by
plants, depends on both the chemistry of the elements and their specia-
tion. Indeed, exchangeable trace elements are more bioavailable than
occluded ones (Adriano 2001). Beyond the question of the speciation
of the element, environmental variables play an important role on trace
elements bioavailability.
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Figure 2.4 Cross section of a plant root and pathways for water and
solutes uptake (Taiz and Zeiger 2006).

Transfer to the hydrosystem

Hydrosystem is the other main output for trace elements in agricultural
environments. One of the processes that transfer trace elements to the
hydrosystem is erosion, it is not insignificant but mainly regards surface
horizons. Indeed, eroded soil particles carry trace elements with them
whether they are sorbed or occluded and transport them to surface wa-
ters (Quinton and Catt 2007, Figure 2.5). The other process is the trans-
fer of trace elements that occurs through their leaching. There are some
similarities with the factors that control bioavailability as an increased
concentration of the trace element in the solution can also be associated
with an increased transferability to water tables. Nonetheless, an im-
portant difference resides in the role of colloids that can constitute a
vehicle for sorbed trace elements transport (Pédrot et al. 2008). Trace
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elements on colloids can represent a significant part of total trace ele-
ments, up to more than 85% of the total in solution in presence of leach-
ate contamination (Hooda 2010; Antoniadis et al. 2017). However,
many contextual factors play an important role on trace elements trans-
fer to the hydrosystem. One of the parameters is the overall water flux
that is a consequence of the climate, but also hydrodynamic properties
influence the “motor force” of trace element solubilisation and translo-
cation. For example, in arid climates without irrigation trace element
transfer is low. Conversely, a higher level of precipitation will increase
the total lixiviated mass of trace elements, while preferential flows de-
crease the overall volume of the soil that is explored by flowing water,
though increasing the rapidity of the transfer of solutes (such as trace
elements) from the topsoil to deeper horizons (Kim et al. 2005).
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Figure 2.5 Schematic representation of trace element transfer from soil
to plants and hydrosystems.
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Finally, the physico-chemical properties of the subsoil are of major im-
portance for the transfer of trace elements to the hydrosystem (Helling
1971). The distance between the topsoil and the water tables (also
known as vadose zone) varies greatly, as it can be neglectable in very
humid ecosystems, such as marshes, but this unsaturated zone can also
be tens of meters thick. Then, the capacity of the subsoil to sorb trace
elements and the speed of water transfers through the medium can have
an important impact on trace element transferability (Tanji and VValoppi
1989; Kéhne et al. 2009).

2.1.5. Influence of environmental variables on trace element transfer

The environmental variables that influence the uptake of trace elements
are similar as those that influence their speciation, and pH is the first
that comes to mind as in soils it derives widely from the solid fraction
and the buffer systems that are present. Lower pH are associated with
increased trace element mobility, while higher pH are associated with
increased trace element retentions, better for nutritional function
(Oborn et al. 1995; Kim et al. 2015). This relies on the fact that most of
these elements are taken up as cations, opposite behaviours may be ob-
served for anions as surfaces become less negative (or more positive).
Consequently, pH is usually controlled by farmers (usually by liming)
to avoid too acidic states and ensure correct nutrition (optimal pH de-
pending on the crop considered). However, on the root surrounding, the
plant can also have a major influence on the acidity at the microscale
by proton extrusion (Adriano 2001). Though this acidification can be
associated with mineral element uptake, it is also linked to nitrogen nu-
trition (Taylor and Bloom 1998). The other major chemical parameter
defining the chemical environment, Eh, mainly becomes relevant in
soils that are flooded as it creates more reducing conditions. Indeed, in
flooded soils (like paddy soils), it has been shown that decreased Eh
(more reducing conditions) implied a higher mobility of trace elements




(Kashem and Singh 2001). However, soils may undergo variations in
water table depth, implying intermittent flooding, those soils thus en-
dure strong redox condition changes influencing element behaviour,
even conditioning their interactions with the organic fraction (Monhon-
val et al. 2023). Moreover, reducing conditions may lead to the disso-
lution of mineral phases, such as oxides, releasing trace elements.
Nonetheless, even in non-flooded soils, there are humidity variations at
the microscale with pores that are less prone to dry. Besides, plants in-
fluence the redox potential of their environment through root exudates
and associations with microbial communities (Hartmann et al. 2009). A
higher temperature also tends to increase trace element uptake and in-
fluence their distribution in the plants (Adriano 2001). Moreover, plant
related parameters also play a role in their ability to manage trace ele-
ment uptake. As an example, increased evapotranspiration promoted by
a low relative humidity, strong wind or important solar radiation in-
crease trace element uptake by plants through increasing solution up-
take (Skidmore et al. 1969; Robinson et al. 2009; Renkema et al. 2012).

In an agricultural context, organic compounds are present because of
(1) root and shoot residues of cultivated crop and (2) addition of exog-
enous organic matter, including manure or plant compost. These inputs
enhance the soil stability by structuring it, as decaying roots and incor-
porated stems provide structural strength and their degradation pro-
duces secondary products that favour soil aggregation that also in-
creases water retention capacity (Emran et al. 2012), influencing both
organic matter and trace element behaviour. Moreover, organic matter
can also directly bring readily available nutrients and store carbon (Mi-
nasny et al. 2017). Organic compounds commonly possess charges,
mainly negative but also positive, they therefore increase the cation
(and anion) exchange capacity and can thus increase soil fertility.

The addition of organic carbon has many ways of influencing trace el-
ements dynamics. First, there is a direct input of trace elements initially




present in exogenous organic matter. For example, compost is com-
posed of plant materials commonly enriched in Cd, manure in Pb or Ni,
and sewage sludges in Cu, Cr, and Pb (Sager 2007).

The mobility of trace elements is especially linked to their ability to be
either adsorbed on soil particles or solubilised to the soil solution. Or-
ganic compounds play a crucial role in both sorption and desorption
processes, with distinct influences depending on their nature—whether
it is solid, colloidal, or soluble organic matter.

In fact, there are even various competing behaviours in the same cate-
gory. For soluble organic matters, low molecular weight organic com-
pounds can increase the solubility of trace elements due to soluble com-
plex formation, while heavier organic compounds are more prone to
form insoluble complexes that would decrease trace elements availabil-
ity (Schmitt et al. 2002; Carrillo-Gonzalez et al. 2006). This property is
studied in the context of phytoremediation, where the application of low
molecular weight organic compounds is increasing trace elements up-
take by plants. Commonly studied compounds are citric acid, malic
acid, oxalic acid, or ethylenediaminetetraacetic acid (EDTA,; Vassil et
al. 1998; Schmidt 2003; Ebrahimian and Bybordi 2014). Note that when
complexes become bigger, for example due to heavier ligands, it can
decrease the bioavailability due to a lower diffusion through root tissues
(Zhao et al. 2016). In plants, complexes are formed to better transport
trace elements (Takahashi et al. 2003; Mishra et al. 2020). Moreover,
diverse proteins, including transporters, are specifically involved along
the soil-plant continuum to control the uptake and translocation of the
complexes (Haydon and Cobbett 2007). These soluble organic com-
pounds are produced either indirectly through the decomposition pro-
cess of the organic matter, or directly through root and microbial exu-
date production (Awad and Romheld 2000; Reichman and Parker
2005). However, when the organic compounds are colloidal, they can-
not be readily taken up by plants, as particles do not cross roots barriers




(Hooda 2010; Antoniadis et al. 2017). Finally, solid organic matter can
have antagonistic effects. On one hand, it increases the global CEC and
thus the pool of exchangeable trace elements. On the other hand, this
increased presence of charges (mostly negative although depending on
the pH) favours the trace element sorption in the solution; they are thus
less easily taken up. In this case, organic carbon plays the role of a
chemical filter. As mentioned, soluble organic compounds also partly
derive from solid organic matter, thus potentially producing substances
that increase trace element solubility (Borggaard et al. 2019).

2.2. Pesticides in the agroecosystems

2.2.1. Pesticides: then and now

Pest management is not at all a modern concern and, along with magical
and religious methods, technical means were already used millennia
ago not only for stored food but also for crops. Ancient Roman and
Greek texts report that treatment existed against fungi, weeds, insects,
or other animals, both preventive and curative. Organic, minerals, used
as coatings, sprayed or dispersed by fumigation, there is a wide variety
of practices. Among the materials used are hemlock, sulphur and arse-
nic that would still speak to the contemporary reader, few data however
exist on their efficacy and impact on workers and environment health
(Smith and Secoy 1975; Levinson and Levinson 1998). During the Re-
naissance, the use of pesticides was mainly centred on the use of mer-
cury and arsenic (Abubakar et al. 2020).

The major revolution happened at the beginning of the 20" century,
with a breakthrough of industrial chemistry in the world of agriculture.
The Haber-Bosch process had increased yields by providing new nitro-
gen fertilizers, and in the forties it is the time for synthetic pesticides to




get into the game after the discovery of dichlorodiphenyl-trichloro-
ethane (DDT) in 1939, thus decreasing the use of former pesticides like
arsenates that are however slow to disappear (Nriagu et al. 2007; Mat-
thews 2018; Abubakar et al. 2020). Moreover, progresses in genetics
led to the development of high-yielding crop varieties (Evenson and
Gollin 2003). Together, these new fertilisers, plant varieties and pesti-
cides combined with a technologizing of irrigation allowed the so-
called green revolution to take place and cause a drastic increase in the
global agricultural production. Considered at the time as a relevant an-
swer to poverty, food shortages and elevated prices in developing coun-
tries, this green revolution was considerably funded by both private and
public foundations and organisations (Cleaver 1972; John and Babu
2021).

Strong criticism has emerged because this system, while strengthening
food safety, failed to reduce poverty because of multiple factors. For
instance, pesticides caused a strong dependency of farmers to techno-
logical/industrial products and was a Trojan horse for imperialism
(Cleaver 1972; Yapa 1993). But, beyond the economic point of view, it
is the environmental and health cost of the generalization of pesticide
use that raised the highest concern. A tipping point was the publication
in 1962 by Rachel Carson of the book The Silent Spring. This book
pointed out the collateral influence of DDT on birds and warned against
the risk of the advent of a spring that would be deprived of their song
(Carson 1962). It raised public awareness, led to a strong debate on pes-
ticide use, and to modifications in pesticide regulations (Epstein 2014).
Nevertheless, since this date, synthetic pesticides have spread widely,
they are used in other fields than agriculture, like the maintenance of
public space and gardening. Pesticide use is also iconic of the Vietnam
war where defoliants have been used for strategic purposes (Young et
al. 2004).




Current state of the challenges associated with pesticides

Nowadays, pesticides are still a hot subject of debate, although some
that were considered particularly harmful are now banned, their effect
still impacts populations through appearance of long-term diseases but
also due to the persistence of residues that might have a low degrada-
bility, this is for example the case for chlordecone (Dereumeaux et al.
2020). In addition to this inherited patrimony, heated debates rage in
the public, political, economic and scientific spheres regarding many
active substances and additives. More than any others, glyphosate has
become an emblem due to the associated health risks and especially its
very widespread use and presence in agricultural soils (Van Bruggen et
al. 2018; Silva et al. 2019). In addition, triazoles face criticism for
health risks as well as development of resistant fungal species. Indeed,
triazoles used in human medicine thus have seen their efficiency de-
crease (Taxvig et al. 2007; Price et al. 2015; Garcia-Rubio et al. 2017).

Regarding ecological issues, neonicotinoids among others are a subject
of great concern for pollinators, not only through their active substances
but also their metabolites that may be quite persistent (Main et al. 2020;
Singla et al. 2021). Beyond the substances, it is also sometimes the ad-
ditives that are pilloried and banned as they are sometimes considered
more problematic than some active substances. Polyethoxylated alkyl-
amines (POEA), used along with glyphosate are probably the most fa-
mous of those controversial additives (Kalyabina et al. 2021). Although
the use of mineral pesticides has significantly declined with the rise of
synthetic organic alternatives, Cu sulphate remains an exception. When
combined with lime to create the Bordeaux mixture, it is still widely
used as a fungicide. A reason for the popularity of Bordeaux mixture is
its homologation in organic farming, it is thus extensively used, espe-
cially in vineyards, leading to widespread Cu contaminations (El Azzi
et al. 2013; Ballabio et al. 2018). Nowadays, there is a wide focus on
the question of ecosystem services, it has been shown that the presence




of pesticides in the environment decrease the ability of the ecosystem
to provide these services (Leenhardt et al. 2023). There is an increasing
number of voices claiming that pesticide use must come to an end.
However, the modern agriculture (even the organic farming) is highly
dependent on pesticides that still bring great benefits (synthetic but also
plant-based, Rodriguez-Cruz and Sanchez-Martin 2022). Besides, not
all substances should be put in the same basket regarding their impacts.
But issues regarding the environmental impact of agricultural practices
go far beyond pesticide use. In this context, pesticides are also tools that
help address some of those issues. For example, glyphosate can be used
in a no-till context in order to prevent a previous cover to grow through
the following one. Thus, the understanding of the impact of pesticides
on humans and the environment will remain an important challenge for
the coming decades.

2.2.2. Pesticide terminology and classification

Pesticides are chemicals that are used to control biological agents, ei-
ther in an agricultural context or in an urban one. When pesticides are
used for plant protection, they are called phytosanitary products, but
pesticides are also widely used for material protection (such as roofing),
health care, or weeding in a non-agricultural context (e.g., the railway
company is the biggest pesticide user in Belgium). They are then, in
Europe, classically called biocides in legal texts until 2022 (Wittmer et
al. 2010; EC 2022). It highlights the moving character of definitions on
the subject. Another classification is focused on the target: herbicides
are used against plants, insecticides are used against insects, fungicides
are used against fungi, molluscicides are used against molluscs and bac-
tericides are used against bacteria. In these categories, there can be fur-
ther subdivisions based on the action mode like the IRAC classification
of insecticides that gathers the inhibitors of the acetylcholinesterase or
the nicotinic the acetylcholine receptor competitive modulators. A last




classification is based on the chemistry of the molecule that is respon-
sible for the pesticide effect, called active substance (EC 2022). For ex-
ample, the carbamate family includes molecules that are esters based
on carbamic acids, the triazoles (including tebuconazole) possess at
least a cycle of five atoms of which three are nitrogen and two double
bonds, and glyphosate has a structure based on the amino-acid glycine.
Both composition and structure of the molecule are responsible for the
pesticide effect, as well as for potential side effects, such as the envi-
ronmental behaviour.

2.2.3. Chemistry of pesticides

Like trace elements, pesticides can be pH sensitive. This happens when
the active substance possesses at least one function that can be either
protonated or deprotonated. The total charge and the number and loca-
tion of positive and negative charges change the ability of the pesticide
to interact with other charged components of the environment, like sur-
faces for example, this is known to be an important feature of glypho-
sate behaviour (Sheals et al. 2002; Figure 2.6). Some pesticides are very
soluble in water and can therefore be easily leached, while others have
a high solubility in organic solvents/lipids (which usually result in a
high ability to be accumulated in adipose tissues; Paasivirta 1998). An-
other parameter is the volatility (Henry constant) that, when high, ex-
poses the population to higher doses through inhalation and increases
aerial dispersion to surrounding environment. Although expressed by
different metrics in function of the chosen model, the affinity for sorp-
tion on soil and organic matter is key in the retention or transfer of the
pesticides by leaching, while DTsp, the half-life time, indicates the per-
sistance of the molecule relatively to its sensibility to oxidation by soil
microorganisms. There is a strong variability between soils, as given
DTso values relate to standard conditions that allow to compare mole-
cules; but environmental factors, such as water content, temperature,




pH, and microbial communities that are inherent to every soil and in-
fluenced by agricultural practices, play a role on the kinetics of mole-
cule degradations but also on their transfer (Alletto et al. 2010). Be-
sides, as mentioned for trace elements, the biological component has an
influence on the other soil physico-chemical properties at the local
scale.

When a pesticide is degraded, it can be fully oxidised to CO2 Some
intermediate molecules can exist along the degradation pathways (Fig-
ure 2.7); these molecules are called metabolites or degradation prod-
ucts. Note that some molecules like glyphosate are known for their high
degradability (DTso = 17.3 days; Lewis et al. 2016), but their related
degradation products can be persistent. The main degradation product
of glyphosate, aminomethylphosphonic acid (AMPA), has indeed a
high persistence regarding the biodegradability in the soil with a DTso
of 114 days (Lewis et al. 2016). Like glyphosate, AMPA is an acid mol-
ecule with three pKa. At circumneutral pH it possesses two negative
and one positive charge. Under a pH of 5.4 one negative charge is lost
(Chen et al. 2009). Some degradation products can be common to many
molecules of the same family such as 1,2,4-triazole (1H-1,2,4-triazole)
for many azole fungicides, tebuconazole included (Del Puerto et al.
2022). Moreover, the toxicity of degradation products may vary in com-
parison to the parent molecule. While sometimes degradation decreases
the toxicity, the opposite can also happen.

Additional substances are usually used to increase the stability of the
commercial products (for example to improve the solubility), their ease
of use, or the pesticide effect. For example they can increase the affinity
of the active substance for the plant cuticle, thus avoiding loss by direct
washing out, these substances usually include surfactants (Kalyabina et
al. 2021). These additional molecules are either called co-formulants or
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additives and are generally unknown to the users, as the pesticide com-
position besides the active substance is considered a confidential busi-
ness information (Mesnage et al. 2019).

100
90
80
704 o
60 -
501 W
40
30
20
10

%
I
N

o
OI /i
O

14

Figure 2.6 Distribution of glyphosate species as a function of pH (Bjer-
rum diagram). Acid dissociation constants: pKal = 2.22, pKa2 = 5.44,
and pKa3 = 10.13 (Borggaard and Gimsing 2008).
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(Borggaard and Gimsing 2008).
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2.2.4. Occurrence and transfer of pesticides in agroecosystems

In 2020, 2.7 Mt of active substances were used worldwide (7.2 Mt in
terms of formulated products) which represented 1.8 kg ha? of
cropland (FAO 2022). In Belgium (2020) 5518 t of pesticides were pur-
chased mainly for professional use (97.4%), (SPW 2023). As they do
not degrade instantly or form other products, they spread in various
compartments of the environment and thus many organisms become
exposed, raising concern for both environmental and human health.
Starting with the soil, Silva et al. (2019) showed that in agricultural
soils, the contamination was very widespread, as 80% of the tested soils
representing 10 European countries were contaminated with at least one
residue (active substance or degradation product), and 58% had more
than one residue (Figure 2.8). Note however that the studied soils were
selected among the crops associated with the highest pesticide use and
that of the 76 residues that have been searched for, 43 have been found.
In many soils, two to five different residues were simultaneously pre-
sent, though 60% of the residues were considered non-persistent. Four-
teen substances were long lasting substances that were already banned,
stressing the long-term impact of pesticide application despite a some-
times-contrary feeling. Especially striking is the fact that the glypho-
sate-AMPA couple was the most present in studied samples just before
fungicides, such as tebuconazole and boscalid (Figure 2.8). In France,
Froger et al. (2023) confirmed by analysing 47 soil samples that pesti-
cides were massively present in soils as only one contained none.
Though agricultural soils were the most contaminated, sampled grass-
lands and forest were not pesticide free. Again, glyphosate and AMPA
(and more generally herbicides) were especially present, but the diver-
sity of pesticides present in single samples was especially striking.
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Figure 2.8 Pesticide distribution across 317 EU agricultural topsoil
samples. Topsoil samples (hnumbered from 1 to 317) were organized by
increasing total pesticide content (Silva et al. 2019).

Though pesticides are sprayed on a delimited and chosen area, they are
scattered in the surroundings by a process that is called pesticide drift
(Van Den Berg et al. 1999). This process occurs in two stages: first
during pulverization, when wind, particularly turbulence, carries drop-
lets to altitudes higher than the pulveriser, secondly, sprayed molecules
are scattered by the wind after their volatilisation (Zivan et al. 2017,
Figure 2.9). This process can have a rather large footprint as, for
glyphosate, several square kilometres can be impacted (Lucadamo
2018).

From soils, pesticides may be transferred by leaching to the hydrosys-
tem. In Wallonia, pesticides were found at measurable concentration in
70% of the underground water control sites (SPW 2022a) and 28.2% of
sites were considered to have a moderate to low quality (18 pesticides
were considered). The most problematic sites were mainly located in
the north, the region where agriculture is the most intensive (Hesbaye,
Brabant Loamy Region and Hainaut Loamy Region). Pesticides also




reach surface water bodies, as worldwide pesticides are commonly
found in rivers or lakes, they can by this mean be transported over long
distances to reach unpolluted zones (de Souza et al. 2020). Though
downward movements of pesticides in the soil are the majority, upward
water movements can also carry them up in the soil profile in periods
of strong evaporation (Rodriguez-Cruz and Sanchez-Martin 2022). A
more direct way for pesticides to reach those surface waters is through
erosion of soil particles that have sorbed pesticides (Clement et al.
2023). Loess derived (silt loam) soils with low organic carbon content,
such as those in the Brabant Loamy Region, are particularly vulnerable
to runoff and soil erosion. Herbicides, sprayed during overland-flow
sensitive periods of low vegetation cover, are particularly prone to these
transfers.

Instead of being leached, pesticides may also be taken up by plants,
through roots but also aerial parts. For pesticides taken up through roots,
they follow either a passive pathway and travel along the potential gra-
dient or an active one and are able to use carriers to pass cell membranes
(Su and Zhu 2007). As for trace elements, pesticides may travel along
the apoplasmic or the symplasmic pathway (Rodriguez-Cruz and
Sanchez-Martin 2022). Once taken up, the plant relocates them with
modalities that depend on both pesticide chemical properties and plant
physiological properties (Huang et al. 2010; Ju et al. 2020). This is the
main source of consumer exposure, as it is estimated that Swiss indi-
viduals ingest 0.41 g of pesticide for every 1 kg applied to cultures (Ju-
raske et al. 2009; Fantke et al. 2011). Finally, pesticides are taken up by
the soil fauna such as earthworms (Krauss et al. 2000). When released
in the soil or the underground or surface waters, or when evaporated in
the atmosphere, pesticides spread out and are found in the most diverse
and common locations, they thus occur in products such as eggs, espe-
cially if they are persistent and soluble in fats, or even in dusts (Windal
et al. 2009; Harnly et al. 2009).
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Figure 2.9 Schematic representation of the fate of pesticides in soils.

2.2.5. Influence of pesticides on the transfer of trace elements

Pesticides in the environment and their degradation products are not
inert, they interact with their surroundings and other molecules. The
presence of specific chemical groups able to form complexes (e.g.
amine, carboxylic acid) is a key for these interactions. The complexing
ability of some pesticides is long known, such as glyphosate that is co-
ordinated to metal ions individually or with multiple ligands (bi- or tri-
dentate, Glass 1984; Subramaniam and Hoggard 1988). It was first pa-
tented in a series of chelators in industrial uses (Dock Fon Toy et al.
1964; Mesnage and Antoniou 2018), while it was only patented as a
pesticide in 1971 (Franz 1974). When sprayed solutions have a high ion
concentration (especially Ca and Mg), complex formation commonly
diminishes pesticide activity. Glyphosate was also observed to decrease
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plant nutrient uptake and, in general, chelation ability of pesticides is
supposed to impoverish soils (Cakmak et al. 2009; Tesfamariam et al.
2009; Zobiole et al. 2010; Kaur et al. 2017). Note that complex for-
mation is also sometimes reported to increase pesticide activity, indi-
cating potential synergetic effect between substances (Li et al. 2017a).
However, at the turn of the 21% century, the influence of complex for-
mation on the environment and the soil plant system began to be con-
sidered. As glyphosate is the most known chelating pesticide, and an
important environmental challenge, it gathered most research.

In the environment, mobility of both glyphosate and trace elements are
important concerns. Besides, it is known that elements that possess two
positive charges can form cationic bond between negative charges on
(1) soil particles, minerals such as goethite, montmorillonite, organic
compounds, and (2) glyphosate. This has been shown for cations, such
as Cd, Cu, Pb, or Fe (Piccolo et al. 1992; Morillo et al. 2000; Maqueda
etal. 2002; Zhou et al. 2004; Si et al. 2013). Some of these studies how-
ever also observed that when some concentrations of metals are
reached, the increase of the pesticide sorption stops, and a decrease is
observed. Soil pH plays a role on glyphosate metal interaction and the
implication of soil CEC is unclear.

Regarding the influence of glyphosate on the mobility of trace elements,
various studies focussed on individual elements with a predominance
of Cu that is the most well-known when it comes to interactions with
glyphosate and is especially present in agricultural soil due to its import
along with pesticides. Thus, studies with Cu-spiked solutions and
glyphosate observed and a strong diminution of Cu sorption on mont-
morillonite goethite or soil (Morillo et al. 1994, 1997, 2002; Maqueda
et al. 2002). When increasing glyphosate concentrations were applied,
a point could be reached when a drastic decrease of Cu sorption was
reached. Though sorption processes are mobilised to explain the influ-




ence of glyphosate on trace elements mobility, many competition pro-
cesses for specific binding sites also supposedly occur. There is, in these
studies, a low mobilisation of native Cu due to the spiking, thus the
level and kind of contamination do not play a role, and desorption is not
the matter.

Having a basic knowledge of Cu-pesticide interactions, few other ele-
ments have been studied following similar protocols highlighting the
diminution of the sorption of Cd in presence of glyphosate, an element
that causes issues due to its high soil to plant transferability and its con-
tamination in soils (Zhou et al. 2004), but also of Zn that is an essential
element and is also broadly imported with metallic contaminations
(Wang et al. 2008). Though pH always played an important role on
trace element glyphosate dynamics (wide ranges are studied), it is es-
pecially striking for Pb as totally inverted results are observed depend-
ing on the pH range (Si et al. 2013). As glyphosate is never pulverized
alone, but only as a formulated product, there was a need to study the
effect of the formulation on the glyphosate-induced trace element de-
sorption (or lower sorption). Thus, Divisekara et al. (2018) showed that
Roundup® (a formulated glyphosate-based product) also decreases the
sorption of both Pb and Cd on soil and increases their desorption.

In a more environmental perspective, it has been observed that the
spraying of formulated glyphosate (Roundup®) on soil columns in-
creased the leaching of Al, As, Cu, Ni and Zn (Barrett and McBride
2006). The presence of an effect on As suggests that anions could also
be influenced by glyphosate. This was especially observed in the con-
taminated soils, highlighting the importance of the contamination status
of the soil. In turn, Cu modifies the leachability of glyphosate in soil
columns in function of the nature of the soil (calcareous vs granitic);
(Dousset et al. 2007). The chelation effect of glyphosate may also in-
fluence animals and other environments such as aquatic ones, as




Roundup® has been shown to influence (mainly decrease) trace ele-
ment uptake of Ceriodaphnia dubia (Tsui et al. 2005). The variety of
harmful effects associated with glyphosate's chelating ability raises the
need to consider this property in a more comprehensive reflection when
conducting ecological risk assessments (Mertens et al. 2018). Nowa-
days, influence of glyphosate on many other potentially toxic trace ele-
ments and their transfer to plants is widely unknown.

Glyphosate is usually sprayed before a culture to have a clean surface.
But, sometimes, it is sprayed on the culture when transgenic glyphosate
resistant species are used. This practice is not allowed in Europe. How-
ever, selective herbicides and all other kind of pesticides (fungicides,
insecticides, molluscicides, etc.) may be sprayed on the culture and then
intervene during plant growth, but their chelating ability is rarely inves-
tigated.

Among these pesticides that are sprayed on the cultures, there is the
fungicide tebuconazole that is sprayed on crops that are in place and is
known to form complexes with Cd, Co, Cu, Ni, and Zn, although these
interactions did not happen through charged functions (Evans et al.
2007; Dytrtové et al. 2011; Norkové et al. 2012; Li et al. 2015, 2017a;
Figure 2.10). In all these complexes, the metal was bound to at least two
molecules of tebuconazole. It has been shown that Cu, and thus poten-
tially other trace elements, can increase tebuconazole sorption on soils
and organic substances (Cadkova et al. 2013). To this day, no study
regarding the ability of tebuconazole to influence the solubility of soil
trace elements has been carried out despite its widespread presence as
residues in European soils (Silva et al. 2019), and there is also a similar
lack of research for a wide range of other molecules.
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3. Objectives and approach of the thesis

The mobility of trace elements in agricultural soils is a major concern
for human and environmental health issues. Since pesticides may gov-
ern their transfer by complex formation, and as one could suspect it may
lead to an increased trace element concentration in waters and plants,
the aim of this thesis is to evaluate their potential to influence the
transfer of a series of 15 trace elements (As, Ba, Cd, Co, Cr, Cu,
Mn, Mo, Ni, Pb, Sb, Sn, Ti, V, and Zn) from soil to solution and to
plant. These elements were selected for their health concern (nutrients
and/or toxic elements) or tracer ability (Ti as conservative element). We
also considered the influence of both the contamination level and nature
of the soil. Therefore, one herbicide (glyphosate) and one fungicide
(tebuconazole) have been selected because of their known ability to
form complexes with trace elements and to represent two different types
of pesticides with distinct targets and application practices (glyphosate
sprayed before cultures while tebuconazole sprayed on crops). The pos-
sibility to use organic matter in both solid and dissolved form, to miti-
gate the pesticide effect on trace element mobility was also considered.

Several sub-questions were tackled in this work:

Are glyphosate and tebuconazole able to influence trace element ex-
tractability from the soil? (Chapters I and I11)

Are there competitive or synergetic effect when pesticides are present
together in solution? (Chapter I11)




Does the form of the pesticide (active substance alone, formulated, deg-
radation product) play a role? (Chapters I and I1)

Does the level and kind of contamination of the soil play a role on the
trace element pesticide interaction? (Chapters I, 11, and I11)

Is dissolved organic carbon able to counteract the effect of glyphosate
on the mobility of trace elements? Or is there a risk of increased trace
elements extractability? (Chapter IV)
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Figure 3.1 Schematic representation of the objectives of the thesis and
the chapters where they are discussed
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To answer our research questions, we selected four agricultural soils:
one uncontaminated (Vieusart), two representing a gradient of anthro-
pogenic trace element contamination (Sainte-Walburge and Bressoux),
and one naturally-enriched in trace elements (Aubange). Two different
experiments were implemented, representing two levels of complexity.
The first, called extractability experiment, was performed in batch con-
ditions in laboratory to evaluate the influence of pesticides alone or
combined on the extractability of trace elements. The second, a green-
house experiment included transfer to soil solution and to the plant
(Triticum spelta) in presence of glyphosate-based pesticides. To evalu-
ate the role that can be played by organic compounds, dissolved organic
matter was included in the extraction experiment and compost addition
was incorporated to the greenhouse experiment.







4. Materials et methods

4.1. Study sites

4.1.1. Sites description

For the whole thesis, four study sites have been selected characterised
as agricultural soils. They are all located in Wallonia, Belgium, and
have been selected to study a trace element contamination gradient, in-
cluding both natural and anthropogenic contaminations.

Belgium, and especially Wallonia, possesses some climatic, geological,
and thus pedological diversity but, in addition to that, there are wide
varieties in the anthropic context, as wide differences exist in both pop-
ulation densities and industrial structure (Annexe 1). Indeed, the indus-
trial development of Wallonia throughout the 19" century was strongly
linked to fluvial infrastructure and important poles developed along the
Sambre and the Meuse, where steel industry and coal extraction flour-
ished leading to widespread trace element contaminations (Figure 4.1).
The strong resulting industrial poles are the regions of Charleroi in
Western Wallonia and Liege in North-Eastern Wallonia. In the Walloon
Brabant, agriculture was dominant despite the presence of small indus-
trial pools for example in Court-Saint-Etienne and Mont-Saint-Guibert.
A strong increase of the population happened throughout the 20™ cen-
tury partly due to the proximity of Brussels and the development of
Louvain-la-Neuve but it was not associated with a development of
heavier industry, no widespread contaminations are thus to be found
there. The region of the south and the east of the country remained
sparsely populated regarding Belgian standards, they are mostly cov-
ered with meadows and forests and did not undergo widespread anthro-
pogenic contaminations.
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Figure 4.1 Expected Zn content in agricultural soils of Wallonia (Pe-
reira et al. 2018).

Vieusart

The Vieusart soil (50.6799°N; 4.6357°E) has been collected in agricul-
tural fields of the Centre Alphonse de Marbaix, an experimental farm
belonging to UCLouvain and located in the municipality of Chaumont-
Gistoux (Figure 4.3). It is located in the loamy region of Belgium in
Walloon Brabant. Throughout history, the loamy region has been
known to be very fertile which led originally to an enrichment and to
the construction of large farms (i.e., square and castle farms) that be-
came an emblem of the Walloon Brabant. The Vieusart soil has a low
content in trace elements (Table 4-1). The soil is silty (Figure 4.2) and
developed on a calcariferous loess deposit from the Quaternary. It is
classified, in the Belgian classification (SPW 2022b), as an Abal stand-
ing for a silty soil (A), with favourable drainage (b), and with a textural
B horizon (a) including a deep profile development (1). According to
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the World Reference Base for soil resources (WRB), this soil is a Luvi-
sol, under the loess lies a widespread sand formation dating from the
Lutecien (known in Belgium as Bruxellien). The soil presented charac-
teristics frequently found in agricultural soils: slightly acidic (pHH20 =
6.5), with a low carbon content (1.25%), and a moderate CEC
(11.1 cmol kg™1). Over the period ranging from 1991 to 2020, the mean
yearly temperature was of 10.5 °C and the mean annual precipitations
were of 790 mm (IRM 2024).

B Vieusart
@ Sainte-Walburge

ABressoux
’ Aubange

Sands Q Silts

Figure 4.2 Soil texture triangle for the top 20 cm of the sites of Vieusart,
Sainte-Walburge, Bressoux, and Aubange, based on the classification
established by Jamagne (Thami 2022). LSA stand for clayey sand silt
(limon sablo-argileux), LAS for sandy clayey silt (limon argilo-sa-
bleux).
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Sainte-Walburge

The Sainte-Walburge study site is in the northern periphery of Liege
(50.6644°N; 5.5887°E) and is enclosed in residential districts (Figure
4.3). The field where the soil was collected is directly bordering a slag
heap but has also been contaminated by atmospheric deposition. In-
deed, the whole region of Liege, being located along the river Meuse,
has been an important industrial basin where coal extraction and metal
industry were especially developed. This led to a widespread trace ele-
ment contamination of the region, due to atmospheric depositions (Van-
deuren et al. 2023). This soil will be referred to moderately anthropo-
genically contaminated soil. The soil is silty (Figure 4.2) and developed
on flint and chalk from the Maastrichtian (Gulpen formation) and con-
tained a non-neglectable load of coal extraction debris resulting in a
higher total carbon content (11.1%, Table 4-1 ) and soil pH (pHH20 =
7.8). Despite the presence of coal, the CEC was only slightly higher
than at Vieusart (15.2 cmolc kg™). On the digital map of Walloon soils
(SPW 2022b), it is located between a Abal and a Abp1 soil (p standing
for an absence of profile development), corresponding to a Luvisol or
Cambisol according to the WRB classification. Over the period ranging
from 1991 to 2020 the mean yearly temperature was of 11.2°C and the
mean precipitations were of 854 mm (IRM 2024).

Bressoux

The Bressoux (50.6374°N; 5.6109°E) site located in the south of Liege
is the most contaminated by trace elements of the four study sites and
will often be referred to as highly anthropogenically contaminated (Fig-
ure 4.3). The contamination context is the same as in Sainte-Walburge,
with a long-term history of atmospheric depositions (it has been re-
ported that in the past the site was sometimes covered in a thick malo-
dorous mist). In addition, the soil is contaminated with industrial debris.
Some of these industrial debris have been brought by farmers to in-
crease the fertility as they contain some nutrients and minerals with high




CEC but also unwanted trace elements. It was however not the main
source of the trace elements (Vandeuren et al. 2023). Moreover, the
metallic pollutant in those debris showed a very low mobility. The soil
is silty with a slight stony load (Figure 4.2) formed of Miocene alluvium
but unmapped on the digital map of Walloon soils, although finding
itself on the edge of a zone marked as reworked terrain (SPW 2022b),
corresponding to a Luvisol according to WRB classification. Due to an
important coal load, carbon content was of 15.8% (Table 4-1). The soil
pHH20 was of 7.0, and the CEC of 26.9 cmolc kg . Below the site, a
collective vegetable garden has been famous in the media because of
the high content of trace elements in the vegetables that were produced
(RTBF, 2017). The climatic data are the same as those of Sainte-Wal-
burge.

Aubange

The Aubange site (49.5765°N; 5.7684°E) is located at the extreme
south of Belgium. Though having a history of steel industry, it is mainly
a rural district (Figure 4.3). The soil is silty with a moderate stony load
(Figure 4.2). This soil is developed on the Aubange formation that is a
complex of siltstone, sandstone and argillite dating from the
Pliensbachian. It is described on the digital map of Walloon soils as a
Gbp which stands for a slightly stony silt with a favorable drainage and
no profile development (SPW 2022b), corresponding to a Cambisol ac-
cording to the WRB classification. This soil is naturally enriched in Ni,
Cr and especially As but another marking characteristic of the soil is
the higher iron oxide content caused by a post sedimentary iron accu-
mulation due to a past water table that gives the soil a reddish colour.
This partly explains the high As content, As having a high affinity for
iron oxides (Suda and Makino 2016). Indeed, the highest As content
has been found in so-called ironstones (Smedley and Kinniburgh 2002).
The specificity of this soil is that in opposition to both Liege study sites,




the contamination is here natural, trace elements are thus enclosed in-
side minerals which diminishes their mobility. The soil was character-
ized by a pHH20 of 7.3, a total carbon content of 2.43%, and a CEC of
20.8 cmolc kg L. (Table 4-1). Over the period ranging from 1991 to
2020 the mean yearly temperature was of 9.4°C and the mean precipi-
tations were of 1088 mm.
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Table 4-1 Summary table of the soil properties and total trace element
content of the four agricultural study soils in Wallonia, Belgium. The
data are the result of the soil characterisations described in the follow-
ing sections. Exceedances of the regulation for agricultural soils are
noted in bold.

Vieusart Sainte-Walburge  Bressoux Aubange

Soil properties

pHH20 6.4 7.8 7 7.3
Total carbon content (%0) 1.25 111 15.8 2.43
CEC (cmolckg™?) 11.1 15.2 26.9 20.8
Trace element content
(mg kg*)

As 7.59 14.9 35.6 147
Ba 261 346 422 197
Cd 0.269 1.87 6.92 0.433
Co 7.75 234 42.7 63.9
Cr 48.4 66.0 79.9 129
Cu 11.9 72.7 263 15.2
Mn 283 462 1080 9080
Mo 0.710 2.12 4.40 6.34
Ni 14.8 41.9 73.1 124
Pb 20.1 142 623 67.7
Sb 0.622 3.35 125 1.01
Sn 1.14 12.8 59.9 1.68
Ti 1680 2540 996 259
Vv 52.2 84.5 115 403
Zn 44.1 353 1350 237
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Figure 4.3 Location of the study sites.

4.1.2. Soil sampling and characterisation

Soils have been collected in the 30-upper cm of the four study sites with
a shovel and stored in 30-L plastic boxes. Previously the grass had been
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removed to collect soil exclusively. Soils used for extraction and green-
house experiments have been collected at the same location but at dif-
ferent periods.

Soil characterisation required a specific sample preparation, including
an air drying at 25 °C for 15 days. For the extraction experiments, a part
of the soil has been unpacked (while taking care of not crushing gravels)
and sieved through a 2-mm mesh for CEC, soil pH, water and sequential
extractions (Annexe 9). For total element analyses (trace elements, C,
and N), soil samples have been crushed with a soil grinder (Vibratory
Disc Mill RS 200, Retsch, Haan, Germany). For the greenhouse exper-
iment, unpacked soil has been first sieved through a 12 mm mesh for
the filling of pots.

4.2. Extractability experiments in laboratory

4.2.1. Experimental setup

To evaluate both the extractability of trace elements and the sorption of
glyphosate, 5 g of the four soils, prepared following the above-men-
tioned protocol have been weighed in a 50 mL polypropylene tube. In
this tube, 25 mL of an extracting solution are added (Figure 4.4). This
ratio has been established to keep both a certain realism by avoiding an
extremely high soil solution/soil ratio and to keep comparability with
the literature. Therefore, the same ratio has been used as by Divisekara
et al. (2018). Concentrations were chosen in mass and not in molarity
as in an agricultural context mass concentration are majorly used in leg-
islative texts, by users and by the scientific community. Studied glypho-
sate and AMPA concentrations were selected to represent the lowest
range tested in the literature for the interactions with trace elements and
represent concentrations between sprayed ones and soil solution ones.
Tebuconazole concentrations were selected following the ratio of the




maximal dose of tebuconazole that can be sprayed in comparison to the
maximal dose of glyphosate that can be sprayed (following Belgian reg-
ulations).

Filtration (0,45 pm)
OC concentration to be determlned
then diluted to 100 mg I of DOC

—— Trace elements
Ag|tat|0n

Compost

If applicable
Pesticide
(according to modality) — Extractmg solution
Soil Filtration (0,45 pm)
A oY
5g N
Agitation Trace elements
— — —> Pesticides
2h (DOC)
Filtration
Whatman 41
DOC

Figure 4.4 General diagram of the extraction experiments including
preparation of the DOC stock solution.

These experiments take place in three times. In the beginning, five ex-
tracting solutions have been prepared. First, a control solution contain-
ing exclusively Milli-Q water. Secondly, a 100mgL™? (i.e.,
0.59 mmol L %) standard glyphosate solution (Sigma Aldrich) that rep-
resent a reference glyphosate solution. Thirdly, a 20 mg L™ (i.e.,
0.12 mmol L) standard glyphosate solution (Sigma Aldrich) that will
allow to evaluate the effect of a decreased concentration. Fourth, a 100
mg L (i.e., 0.59 mmol L) formulated glyphosate solution made with
Glyfall plus® (Bayer cropscience) that allows to evaluate the effect of
the formulation, as co-formulants may also alter trace elements mobility
or glyphosate dynamics. At last, a 100 mg L™ aminomethylphosphonic




acid (AMPA) solution (Sigma Aldrich) was prepared. AMPA being the
main degradation product of glyphosate, it allows to evaluate the influ-
ence of glyphosate degradation on the mobility of trace elements (Table
4-2).

In a second time, experiments were performed with tebuconazole solu-
tions and mixed glyphosate-tebuconazole solutions. One contained an-
alytical standard tebuconazole (Sigma Aldrich) at a concentration of 10
mg L%, three contained commercial formulated tebuconazole (Tebusip,
Sipcam Oxon) at a concentration of 2, 10, and 100 mg L™* (6.50 1073,
0.0325 and 0.325 mmol L respectively) and one mixed glyphosate-
tebuconazole solution with concentrations of 100 and 10 mg L respec-
tively.

In a third time, mixed dissolved organic matter (DOM)-glyphosate so-
lutions were produced. They were composed of a 100 mg L dissolved
organic carbon (DOC) solution with an addition of 100 mg L of either
unformulated glyphosate (Gly100DOMaoo), formulated glyphosate
(GlyF100DOM1g0) or AMPA (AMPA100DOMi1q0), corresponding to
0.59, 0.59 and 0.9 mmol L respectively. The DOM solution has been
produced by extraction of the DOM from compost (composition in An-
nexe 5), therefore 30 g of compost has been put in 500 mL Erlenmeyers
with 200 ml of Milli-Q water. They were placed on an agitation table
for 2 h at 125 bpm. They have then been centrifuged at 4000 rpm before
filtrating at 0.45 pum before DOC (Shimadzu Série TOC-L). All solu-
tions have been prepared using Milli-Q water (Table 4-2).

Once the soil and the solution have been mixed, tubes were put in the
dark on agitation tables at 150 bpm for 2 h. After agitation, the tubes
have been agitated for 25 min a 4000 rpm, pre-filtered with a Whatman
41° filter and then filtrated using a 0.45-pm pore size Acrodisc®. One
aliguot of the solution has been acidified with 2% HNO3 for elemental




analysis while another was not (for glyphosate an AMPA measure-
ment). A detachable summary of all modalities with the soils is availa-
ble in Annexe 2.




Table 4-2 Summary table of the modalities for extraction experiments.

Modality code

Composition

Control

Milli-Q water

Single modalities

Glyphosate20 (or Glyz)

Standard glyphosate 20 mg L™* (Sigma Aldrich)

Glyphosate100
(or G|yloo)

Standard glyphosate 100 mg L™ (Sigma Aldrich)

Formulated Glypho-
sate100 (or GlyFio0)

Formulated glyphosate 100 mg L™ (Glyfall plus®)

AMPA ;50 Standard aminomethylphosphonic acid (AMPA) 100
mg L™ (Sigma Aldrich)

Thio Standard tebuconazole 10 mg L™ (Sigma Aldrich)

ThF, Formulated tebuconazole 2 mg L™t (Tebusip®)

ThF1o Formulated tebuconazole 10 mg L™* (Tebusip®)

TbF100 Formulated tebuconazole 100 mg L™ (Tebusip®)

DOCino Green waste compost extract (<0.45 um) 100 mgpoc

Lfl

Mixed modalities

Th1oGly100

Standard tebuconazole 10 mg L™ (Sigma Aldrich)
and Standard glyphosate 100 mg L™ (Sigma Aldrich)

Gly100DOC100

Standard glyphosate 100 mg L* (Sigma Aldrich) in
Green waste compost extract (<0.45 pm) 100 mgooc
Lfl

GlyF100DOC100

Formulated glyphosate 100 mg L™* (Glyfall plus®) in
Green waste compost extract (<0.45 pm) 100 mgooc
L—l

AMPA150DOC100

Standard AMPA 100 mg L™ (Sigma Aldrich) in
Green waste compost extract (<0.45 pm) 100 mgpoc
L—l




4.3. Greenhouse experiments

4.3.1. Experimental setup

The 12-mm sieved soil from the four different study sites was placed in
10-L pots after re-humidification and homogenisation. The use of this
fraction implies the possibility of slightly different substrate character-
istics in comparison to the characterised fraction (< 2 mm), especially
for the soil of Bressoux that has a higher stony load. As there were four
modalities and each was performed in triplicates, the total number of
pots was of 48. In each pot, 20 g of NPK 9-7-14 fertiliser (i.e.,
240 kgn ha™t) was added to ensure correct plant nutrition. The quantity
has been selected to represent an excess in all soils. In 12 pots, soil was
mixed with 245 g of green waste compost (i.e., 35 t ha?) to evaluate if
compost had the ability to counteract the potential effect of glyphosate
on the mobility of trace elements, had no influence or would increase
this effect. This question arises in a context of important promotion of
organic matter addition to soils to increase carbon storage as well as soil
stability and improve chemical properties. All soils have been mixed
after the addition of fertilizers and compost.

The soil pots have been sprayed (on July 28, 2022) with a pesticide
solution, three doses were tested to simulate both field doses, and ac-
centuate the visibility of potential effects. The solution was, for all mo-
dalities, constituted of 10 g L™ of formulated glyphosate as Glyfall
plus®. Thus, between modalities concentration was identical while
only the total dose varied. The four modalities were: (1) a control with-
out any pulverization; (2) the maximal authorized glyphosate dose in
Belgium (3.6 kg ha™*) representing 2.5 mL of sprayed solution (Max);
(3) represented three times the pesticide dose of the previous modality
(3Max); and (4) the same pesticide dose as the previous one (3Max),
but the soil that had been used was mixed with compost (3MAX & OM,




cf. previous section). Fourteen days later (11/08/2022), nine spikelets
of spelt (Triticum spelta) have been sown per pot, every spikelet con-
taining a random number of seeds (1 to 3). Along the experiment, plants
have been watered once a week with 0.8 L of tap water per pot (two
times a week at the end of the experiment due to high temperatures and
increased evapotranspiration). The day before the soil solution collec-
tion, pots were watered with 0.4 L per pot to ensure soil water sampling.

4.3.2. Sample collection

Water solutions were collected every two weeks by using rhizon sam-
plers (10-cm long hydrophilic polyether sulfone membrane with a po-
rosity of 0.15 um; 19.21.21 F, Rhizosphere, Wageningen, The Nether-
lands) connected to 50 ml syringes, a stick retaining the syringe’s piston
ensured the suction. With time, the suction decreased along with the
filling of the syringe. Rhizons are stems made out of a 0.15 pum porosity
membrane. The hydrophilic polyether sulfone membrane was used to
avoid interactions with both organic and mineral compounds. On No-
vember 11, 2022, aerial parts were collected, while roots have been col-
lected two weeks later (November 23, 2022) to simulate the harvest at
the end of the crop. The plant samples were oven-dried at 50 °C,
weighed, and crushed in a plant shredder (Cyclotec 1093 Sample Mill,
Foss A/S, Hillergd, Denmark).

4.4. Chemical analyses

4.4.1. Trace elements

Trace elements quantification in solid matrixes (soils, plants) were di-
gested with acids. Therefore, 100 mg of crushed sample was put in Tef-
lon savillexes. In each series a control and reference materials were in-
serted, a Hawaiian basalt (BHVO-2) for mineral samples and a lichen




(IAEA-336) for plant samples. They allowed to quantify the accuracy
of the measures.

For the digestion, 0.5 mL of 65% suprapure HNO3 and 0.5mL of 40%
suprapure HF were added to the savillex and degassed at ambient tem-
perature, then heated on a hot plate at 90 °C for two days then evapo-
rated completely at 40 °C. Once dry, 1 mL of H>0O, was added to the
savillex to oxidise organic compounds, they were evaporated com-
pletely at 40°C. Afterwards, 1 mL of aqua regia (0.8 ml of 37% HCI
and 0.2 ml of 65% HNO3) was added. Next, 1 mL of 65% HNOz was
added, then heated at 90 °C for one day. Finally, samples were diluted
12 000 times for mineral matrices and 1200 times for less loaded or-
ganic matrices with, first, MilliQ water then with 5% suprapure HNO3
and finally with 2% HNOs (for soil matrices alone).

Trace elements in solutions (e.g., soil solutions) were directly analysed
by inductively coupled plasma — mass spectrometry (ICP—MS) using an
ICAP Q ICP-MS (Thermo Fischer Scientific, Waltham, MA, USA) af-
ter acidification to reach 2% HNOs3 (using suprapure HNO3). For solu-
tion matrices, we used SLRS-6 (river sample), HM-10 (ICP Forests ref-
erence material), or the certipur multi-element standard (Sigma Al-
drich) reference materials.

In ICP-MS, the analysed solution is injected in the form of an aerosol
in an Ar plasma produced by induction, by a solenoid, of a strong time
variating magnetic field. At the same time, internal standard (Ru, In,
Re) is added to evaluate analytical drifts. In this plasma, elements are
ionized and thus become charged. The elements being charged, they
can then be accelerated by an electric field, after that they enter a speed
selector. The speed selector plunges the elements in both a magnetic
and an electric field that cause opposed forces. As the only force that is
function of the speed in the Lorentz force (caused by the magnetic
field), a single speed of particle is thus giving a perfect compensation




between both forces implying a straight trajectory. The particles that do
not have the right speed go out of the system. As trace elements may
interfere and produce heavier particles, a helium flux can be used to
reduce these interferences (i.e., kinetic energy discrimination or KED).
When KED is not used, the mode is considered standard (STD). Finally,
elements are separated on their mass to charge ratio by entering a zone
with a quadrupole (containing two positive and two negative elec-
trodes) as only the selected mass to charge ratio can pass through the
system. The elements that passed through the quadrupole then hit the
detector and their number is counted in hits per second. To transform
these hits per second into concentration, results are compared with ref-
erence solutions where a known concentration of the elements is diluted
in a matrix that is similar to the samples. Selected isotopes and methods
(KED or STD) are detailed in Annexe 3.

To evaluate the quality of the acid digestions (when applicable) and the
analysis, recoveries are measured on reference materials (BHVO-2,
IAEA-336, and SLRS-6) using the following formula:

CM easured

Recovery (%) = x 100

CRe ference

Detection limits were measured using concentrations in analytical
blanks using the following formula:

Detection limit = Cpagnk + 3 X oblank

The quantification limit was equal to 3 times the detection limit. Note
that the vast majority of samples showed concentrations at least 10-
times higher than detection limits.




4.4.2. Pesticides

Glyphosate and AMPA were analysed jointly because, as their struc-
tures are very similar, one can use the same procedure. They were quan-
tified by high performance liquid chromatography (HPLC), (1200 se-
ries, Agilent Technologies Santa Clara, CA, USA). The general princi-
ple of HPLC is based on the separation of substances based on the af-
finity of the molecules of interests for both the chromatography column
and two elutants (A and B). Therefore, an elutant is constantly flowing
(rate of 1 ml min~t) through the whole system, including the column
(Merck Lichrocart C18 150 x 4.6 mm-5 pum column kept at 35 °C).
From t=0 to t=1 min the sample is injected while a mix (25% of B) of
the A (pH 7 10 mM phosphate buffer) and the B solvents (45:45:10
acetonitrile:methanol:MilliQ water solution) is flowing, the A solvent
is chosen in order to solubilize the compounds of interest, but these
compounds still have a higher affinity for the column, they become thus
fixed on it. With the time the elutant mix gradually includes a higher
amount of a B solvent, the compounds of interest have a higher affinity
for this solvent than for the column (100 % of B solvent from t=10 to
t=15 min). When the compounds (glyphosate and AMPA) have a higher
affinity for the elutants mix, they detach and are transported by the flow
to the detectors. The detector used here was a fluorescence detector that
emits light in a certain wavelength (260 nm) and measures the emitted
light in another wavelength (310 nm) that corresponds to the signature
of the compounds that are analysed. These light intensities are con-
verted into signals that are displayed on the chromatogram, showing the
intensity of the signal in function of the time. Concentrations are calcu-
lated by measuring the area of the obtained spikes on the chromatogram
and comparing them to the response of standard solutions. Thus, com-
pounds are separated in time as they all have their own affinity for both
elutants and columns and they are extracted from all the other compo-
nents by their optic characteristics. Finally, the solvent mix goes back




to the original ratio (25% of B from 17 to 22 min) and a new cycle can
begin for another sample.

Glyphosate and AMPA being not fluorescent, the molecules were mod-
ified by a process called derivatization. By this process, a fluorescent
molecule was attached to glyphosate and AMPA. This molecule is
FMOC-CI, its fluorescence comes from the fact that it possesses two
aromatic cycles, which are able to absorb and re-emit photons in certain
wavelength by resonance. Thus, 1 mL of the samples, previously di-
luted to match the preferred analytical range (1 to 20 pg L) of the
method, was inserted in an amber glass vial to avoid photodegradation
along with 100 pL of pH 9-borate buffer (3.1 g of H3BO3, 3.75 g of
KCI and 0.8 g of NaOH in 100 mL of water). Finally, 200 pL of a
FMOC-CI solution (200 mg L™* in acetonitrile) is added. When the sam-
ple had a high Ca and Mg concentration (hard water), EDTA was added
to avoid prevented reaction by excessive complex formations. Samples
were then injected. The detailed protocol is available in Annexe 4.

The detection limit could go down to 0.2 pug L but was variable in
function of the series and the load of the solution in organic compounds
or ions. It was calculated using the calibration curve of both glyphosate
and AMPA as the first point of the calibration curve that showed a sig-
nal coherent with the rest of the curve has been considered as the limit
of quantification. The limit of detection was a third of this value.

4.4.3. Dissolved organic carbon and total nitrogen

To measure dissolved organic carbon and total nitrogen, considered as
present in the water-soluble fraction that is thinner than 0.45 pum and is
also associated as the non-purgeable organic carbon, solutions were fil-
tered on a Buchner at 0.45 um and analysed using a total organic carbon
analyser (TOC-L, Shimadzu, Kyoto, Japan). The process was based on




a oxidation at high temperature followed by the measurement of the
produced CO and nitrogen oxidation products (Shimadzu 2011).

4.5. Data processing

For all extraction experiments, concentrations were expressed as ex-
tractability or extractability potential.

Celement in solution X Vsolution

Msoit

Extractability =

Celement in solution X Vsolution

Extractability potential =

Melement in the soil

For the greenhouse experiments, the contribution of compost to the total
water extractible pool of elements was evaluated for each element using
the following formula.

Portion ofwater extractible element brought by the compost =

Cwater extractable element in compost X mcompost

Cwater extractable element in soil X Msoit + Cwater extractable element in compost X mcompost

The total mass of soil (msoil) was estimated at 13 kg while the mass of
compost (Mcompost) Was of 245 g.

Data have been analysed using RStudio (2023.06.1. and 2023.09.1) and
R.4.0.2. Statistical comparisons were performed between modalities
(two by two) using a Kruskal-Wallis test and a post-hoc Dunn tests with
the Bonferroni adjustment (rstatix library). In addition, when pools of
elements were globally considered, a ratio of 1.2 between mean con-
centrations in solution or plants of two modalities was considered as
minimal to consider a difference (in spite of the question of the statisti-




cal significance). For principal component analysis (PCA) the Fac-
toMineR library was used and data have been prepared using the clr
function (Compositions library). Data were represented using barplots
on which error bars represent standard deviations. Moreover, ratios be-
tween modalities will regularly be represented using matrices of circles.
The size of the circles is a function of the ratio that is represented.







5. Chapter 1. Influence of glyphosate and ami-
nomethylphosphonic acid on the mobility of trace
elements in uncontaminated and contaminated ag-
ricultural soils

5.1. Abstract

Glyphosate is one of the most widely used herbicides in the world. In
addition to its herbicidal effect, glyphosate is a chelating agent that can
form complexes with trace elements. Yet, agricultural soils can be con-
taminated with both organic and mineral substances, questioning the
possible influence of glyphosate application on the trace element mo-
bility. In this context, we specifically studied the extractability of trace
elements in uncontaminated and metal-contaminated agricultural soils
by adding glyphosate, formulated glyphosate, and ami-
nomethylphosphonic acid (AMPA, a degradation product of glypho-
sate) in batch experiments from 0 to 100 mg L™*. Results showed that,
on average, glyphosate enhanced the extractability of the elements con-
sidered (e.g., As, Cd, Cu, Pb, and Zn) at 20 and 100 mg L. Surpris-
ingly, the uncontaminated soil highlighted the highest influence of
glyphosate compared to the contaminated ones, likely resulting from a
higher natural element extractability in the contaminated soils. Alt-
hough formulated glyphosate presented an overall higher impact than
unformulated glyphosate, it was evidenced that AMPA showed lower
influence meaning that glyphosate degradation is beneficial to limit del-
eterious effects.




5.2. Introduction

Glyphosate (N-(phosphonomethyl)glycine), a non-selective post-emer-
gence organophosphorus herbicide that inhibits the biosynthesis of the
aromatic amino acids (Pline et al. 2002), is widely used in agriculture.
The commercial glyphosate—based products include additional mole-
cules (also called co-formulants) to enhance the herbicide role of the
active substance (e.g., by facilitating penetration through the cuticle;
(Leaper and Holloway 2000). Unfortunately, the composition of these
glyphosate co-formulants are usually unknown due to commercial con-
fidentiality (Mesnage et al. 2019). The common glyphosate concentra-
tion in the commercial formulated products is 360 g L2, then diluted
by the farmer for field application. The maximum authorized applica-
tion of glyphosate depends on both culture and country: for example, in
Belgium, it reaches up to 6 L ha* of 360 g L ! glyphosate solution (i.e.,
2160 g ha!; Phytoweb, 2015).

With an average theoretical half-life of 16 days despite variable data
depending on the protocol used (Lewis et al. 2016), glyphosate is con-
sidered to be non-persistent in soil. The degradation rate, however, var-
ies according to environmental conditions, such as climate (moisture
and temperature), soil microbial activity, soil organic matter (Alletto et
al. 2010; Bento et al. 2016), or even formulation (Wilms et al. 2023).
Its main degradation product is aminomethylphosphonic acid (AMPA)
with a similar chemical structure. AMPA, however, is more persistent
in soil with a typical half-life that is ranging widely from 23 to 958 days
(Bergstrom et al. 2011; Lewis et al. 2016; Bento et al. 2016). Due to the
widespread use of glyphosate, both glyphosate and AMPA are largely
present as pesticide residues in agricultural soils (Silva et al. 2019). In
soil, these molecules can interact with soil constituents. Indeed, with its
three acid functions (phosphonate, carboxylic, and amino; pKa of 2.6,
5.6, and 10.6, respectively; Sprankle et al. 1975), glyphosate has three




negative and one positive charges in most agricultural soils. This allows
binding with ions, such as metals, and form complexes.

Trace elements are mineral elements present in low concentrations in
the Earth’s crust (< 1%o), including various metals (e.g., Cd, Cu, Zn)
and metalloids (e.g., As, Sb) with specific behaviours in the environ-
ment (i.e., volatility, solubility, interaction with organic compounds).
The occurrence and chemical forms of trace elements in soil depend on
the parent material, pedogenesis, and anthropogenic inputs (Adriano
2001). Indeed, trace elements may be brought to soils by fertilizers, ex-
ogenous organic matter (e.g., manure, compost, sludge), metal-based
pesticides (e.g., Bordeaux mixture), and atmospheric deposition (He et
al. 2005; Belon et al. 2012). Despite the metabolic roles played by some
elements, all trace elements are toxic for human and environmental
health at concentrations exceeding the threshold value. Leaching to the
hydrosystem and uptake by plants constitute the two major pathways
for human exposure through water and food consumption, respectively
(Adriano 2001; Barati et al. 2010; El-Kady and Abdel-Wahhab 2018).
Understanding the trace element fate and parameters that control their
transfer is thus required for health assessment.

As a chelating agent, glyphosate applied in agricultural soils can modify
the trace element mobility, as already observed for major elements,
such as Mg, impacting the soil fertility and the crop nutrition (Cakmak
et al. 2009; Kaur et al. 2017). Consequently, there is a concern about
the potential environmental impact of glyphosate application, particu-
larly in metal-contaminated agricultural soils. Increasing mobility from
soil (or mineral surfaces) to solution have already been evidenced for
As, Cd, Cu, Ni, Pb, and Zn after adding glyphosate (Morillo et al. 2002;
Barrett and McBride 2006; Si et al. 2013; Divisekara et al. 2018) and
could promote either the transfer to the plant by increasing the trace
element availability (and thus a potential plant contamination), or the




transfer to the hydrosystem (and thus a potential groundwater contami-
nation). However different methodologies were used, especially with
unrealistic high glyphosate concentration, making comparison difficult.
Moreover, no information is available for some exclusively toxic ele-
ments (e.g., Sb and Cr). While glyphosate can enhance the mobility of
trace elements, those elements also influence the glyphosate adsorption
on soil by the formation of cationic bridges (Morillo et al. 2000; Dous-
set et al. 2007).

In this study, we aimed to assess the influence of glyphosate concentra-
tion (0, 20, and 100 mg L* of glyphosate) and substance (unformulated
glyphosate, formulated glyphosate, and AMPA at 100 mg L) on the
mobility of trace elements from contrasted soils to soil solution in batch
experiment. For that purpose, we measured a set of 15 trace element
concentrations after an extraction experiment and considering one un-
contaminated and three distinct metal-contaminated agricultural soils
collected in Wallonia, Belgium.

5.3. Materials and methods

5.3.1. Study area

Four agricultural soils were collected in Wallonia, Belgium: an uncon-
taminated soil from Vieusart, Walloon Brabant, two anthropogenically
metal-contaminated soils from Sainte-Walburge and Bressoux (moder-
ately and highly contaminated, respectively) in the province of Liege,
and a naturally enriched soil from Aubange in Belgian Luxembourg.
The Vieusart soil (50.6799°N; 4.6357°E) is a silty soil developed on
Quaternary loess characterized by slightly acidic conditions (pHH20 =
6.5), low total carbon content (1.25%), and a CEC of 11.1 cmolc kg
(Table 4-1). The Sainte-Walburge soil (50.6644°N; 5.5887°E) is a silty




soil developed on flint and chalk from the Maastrichtian (Gulpen for-
mation). The soil was collected at the slag heap foothill and contained
a non-neglectable load of coal extraction debris resulting in a higher
total carbon content (11.1%) and soil pH (pHn20 = 7.8; Table 4-1). The
CEC, however, was slightly higher than at Vieusart (15.2 cmolc kg ™).
The Bressoux soil (50.6374°N; 5.6109°E) is a silty with a slight stony
load formed of Miocene alluvium. The soil was characterized by inputs
of faience debris and industrial residues and presented a total carbon
content of 15.8%, a soil pHwzo of 7.0, and a CEC of 26.9 cmolc kg™
(Table 4-1). Due to the industrial history of this region of the city of
Liege (mostly steel industry and coal extraction), both Sainte-Walburge
and Bressoux were influenced by atmospheric deposition of metal con-
taminants impacting their total trace element content from Sainte-Wal-
burge (moderately contaminated soil) to Bressoux (highly contami-
nated soil; Table 4-1). Finally, the Aubange soil (49.5765°N; 5.7684°E)
is a silty soil with moderate stony load developed on the Aubange for-
mation, a complex of sandstone, siltstone, and argillite dating from the
Pliensbachian with high naturally enriched trace element content, such
as As, Ni, and Cr (Table 4-1; Vandeuren et al. 2023). The soil was char-
acterized by a pHH20 of 7.3, a total carbon content of 2.43%, and a CEC
of 20.8 cmolc kg (Table 4-1).

5.3.2. Soil sampling and characterization

Soil sampling and sample preparation

On each study site, we collected the top 30 cm soil using a shovel to
perform a homogeneous composite sample. The soil samples were then
air-dried at 25 °C for 15 days and sieved through a 2-mm mesh. An
aliquot was crushed for trace element analyses using a soil grinder (Vi-
bratory Disc Mill RS 200, Retsch, Haan, Germany). Basic soil charac-
terization included soil pHn20 (using a 1:5 ratio), total carbon content




(Elementar vario EL cube, Langenselbold, Germany), and CEC (Met-
son method with ammonium acetate at pH 7). Due to the absence of
carbonates, total carbon content can be assumed as organic carbon con-
tent.

Trace element concentration quantification

Before quantification of trace element concentrations, 100 mg of
ground soil samples were digested in an 1ISO 6 cleanroom (Earth and
Life Institute, UCLouvain) in a Teflon bottle (Savillex). We applied a
four-step procedure (HNO3z/ HF, H202, HNOs/HCI, and HNO3) using
suprapure chemicals and high purity Milli-Q water (Arbalestrie et al.
2022). Heating steps were fixed at 90 °C and evaporation steps at 40 °C.
The samples were preserved in 2% HNO3 solutions before analysis.

For all samples, a set of 15 trace elements (As, Ba, Cd, Co, Cr, Cu, Mn,
Mo, Ni, Pb, Sh, Sn, Ti, V, and Zn) was quantified in the MOCA plat-
form (Mineral and Organic Chemical Analysis, Earth and Life Institute,
UCLouvain) using an ICP—-MS (iCAP Q ICP-MS, Thermo Fischer Sci-
entific, Waltham, MA, USA). An internal standard (Ru, In, and Re) was
used in each sample for drift instrumental correction. The performance
of the procedure was evaluated using two certified soil material (GSS1
and GSS4; Xuejing et al. 1985) in each series. The average recovery
(Crmeasured/ Ceertified X 100) was estimated to 100+15% for all analytes, ex-
cept for Cd (117%), Sb (121%), Mn (78%), Ti (75%), and Ba (70%).
Limits of detection were estimated to <0.01 ug kg2, except for Ti, Ni,
and Zn (<0.1 pg kg 1) and for Mo (<1 pg kg™3).

5.3.3. Experimental procedure

Trace element extraction procedure

To test the influence of both glyphosate concentrations and substances
on the soil trace element mobility, four extraction solutions were con-
sidered: Milli-Q water (control), glyphosate (Sigma Aldrich) at 20 and




100 mg L™* (corresponding to 0.12 and 0.59 mmol L%, respectively),
formulated glyphosate (Glyfall plus) 100 mg L™ (corresponding to
0.59 mmol L), and AMPA (Sigma Aldrich) at 100 mg L™ (corre-
sponding to 0.90 mmol L™1). These concentrations were in the range of
concentrations tested in the literature (Wang et al. 2008; Si et al. 2013).
Trace element concentrations in the extraction solutions were negligi-
ble. Extractions were performed in triplicate in a 50-mL centrifuge pol-
ypropylene tubes with 5 g of sieved soil and 25 mL of extraction solu-
tion, i.e., 1:5 ratio, adapted from Divisekara et al. (2018). The mixture
was then agitated in the dark for 2 h at 150 bpm. After agitation, the
tubes were centrifuged for 25 min at 4000 rpm and filtrated using a
0.45-pm pore size Nylon Acrodisc®. All extraction solutions have been
prepared using Milli-Q water. An aliquot of 1 mL of the filtered solu-
tion was diluted 10 times and acidified (2% HNO3) for trace element
analysis, while another aliquot of 10 mL was used for pH measurement
and glyphosate and AMPA analysis.

Chemical analyses

Trace element concentrations were measured by ICP-MS as described
for soil sample analysis. In each series, the quality was checked using
the river water SLRS 6 reference material that presented an average re-
covery of 100 + 15%, except for Zn (83%), Cd (60%), and Pb (133%).
The concentration of all considered elements were always above the
quantification limit.

For glyphosate and AMPA analysis, the solution samples were diluted
to reach the range of the analytical method (1 to 20 pg L) adapted
from 1SO 21458 and ISO 116308. Glyphosate and AMPA were deri-
vatized at pH 9 (borate buffer) by an excess of FMOC-CI. Glyphosate
and AMPA were measured by HPLC (1200 series, Agilent Technolo-
gies Santa Clara, CA, USA) with a Merck Lichrocart C18 150 x




4.6 mm-5 um column kept at 35 °C. Elutants were pH 7 10 mM phos-
phate buffer (A) and 45:45:10 acetonitrile:methanol:Milli-Q water so-
lution (B). Elution was performed at a flow rate of 1 mL min~! using
the following gradient (expressed as solvent B): from 0 to 1 min, 25%
B (initial composition); from 10 to 15 min, 100% B; from 17 to 22 min,
25% B. The detection was performed by a fluorescent detector with an
excitation at 260 nm and an emission at 310 nm.

5.3.4. Data processing and statistical analyses

Measured trace element concentrations in the extraction solution were
expressed as soil extractability (i.e., masse of extracted element by mass
of soil) and soil extractability potential (i.e., mass of extracted element
by mass of element in soil). Statistical analyses were performed using
R4.0.2 and RStudio 2023.06.1. Statistical comparisons between
glyphosate concentrations (0, 20, and 100 mg L1) or tested substances
(unformulated glyphosate, formulated glyphosate, and AMPA at
100 mg L) were performed using a Kruskal-Wallis test and a post-hoc
Dunn tests including the Bonferroni adjustment (rstatix library).

5.4. Results

5.4.1. Trace element extractability in uncontaminated agricultural
soil

Trace element content in the uncontaminated soil (i.e., Vieusart) was in
the range of the European agricultural soils (Table 4-1; Baize 2000).
We first investigated the extractability of four trace elements as con-
trasted examples: Cu, As, Mo, and Pb (Figure 5.1B-E). They were se-
lected because of their environmental and sanitary relevance (Cu, As,
Pb) and contrasted geochemical behaviour (cations vs oxyanions). The
element water-extractability (i.e., control modality) was ranged in the




following order: Mo (0.007 pg gsoit 1) < As <Pb < Cu (0.75 pg gsoil ).
Results showed an overall increase of element extractability with both
concentrations of glyphosate (20 and 100 mg L) compared to the con-
trol, on average 3.5 and 2.0 times higher, respectively, and up to 6.9
times for Pb with 20 mg L™* of glyphosate. We highlighted an increase
from 0.0014 to 0.22 umol L for Mo and Cu, respectively, with an ad-
dition of 0.59 mmol L of glyphosate (i.e., 100 mg L), representing
an elements/glyphosate molar ratio of 0.05% (considering the four trace
elements: Cu, As, Mo, and Pb). Note that only Pb with 20 mg L™ of
glyphosate showed a statistically significantly higher concentration
than the control (p < 0.05). Interestingly, the intermediate glyphosate
concentration (i.e., 20 mg L) sometimes reached higher tested modal-
ity/control extractability ratio than for 100 mg L™ (e.g., for As, Mo, and
Pb). Only Mo showed low or a lack of effect, with 1.1 to 1.3 times
higher extractability than the control according to the glyphosate con-
centration. For formulated glyphosate, the results were similar to unfor-
mulated glyphosate with only positive effect compared to the control in
the following order: Pb (x 1.2) < Mo < Cu < As (x 3.3). The tested
modality/control extractability ratios were either higher (for Cu and
Mo) or lower (for Pb) compared to glyphosate (Figure 5.1). Finally, the
influence of AMPA on the extractability of trace elements was more
heterogeneous depending on the element considered, including positive
effect for As (x 2.3), negative effect for Pb (x 0.7), and no effect for Cu
and Mo (x 1.1).

For > 70% of the considered element-modality combination, the ex-
tractability was also enhanced (i.e., modality/control extractability ratio
> 1.2, and up to 8.7 for Sn; Figure 5.2). Titanium, V, Cr, Mn, Co, and
Ni also presented a similar behaviour as Pb with higher extractability
with 20 mg L ™! of glyphosate than with 100 mg L. Comparing the
tested substances with the unformulated glyphosate, results were simi-
lar as the four previously mentioned elements: formulated glyphosate




with slightly lower extractability and AMPA with almost no extracta-
bility effect, despite no statistically significant differences. Copper and
Zn, however, showed higher extractability with: (1) 100 mg L™t of
glyphosate compared to 20 mg L%, and (2) formulated glyphosate com-
pared to unformulated one at 100 mg L%, Finally, with 100 mg L™ of
AMPA, Zn, Sn, and Ba presented the maximum extractability decrease
comparted to the control (at least 3 times).

The molecule concentrations were measured in the post-extraction so-
lution (Figure 5.1A). Results indicated a minor part of glyphosate used
for the experiment that remained in solution, from 10 (with 20 mg L™
of glyphosate) to 28% (with 100 mg L of glyphosate). This part, how-
ever, increased to 42% when 100 mg L of formulated glyphosate was
added. For the same mass concentration of AMPA (i.e., 100 mg L™?),
the molecule remaining in solution reached 35%, in-between glypho-
sate and formulated glyphosate. Note that AMPA in the post-extraction
solutions was below detection limit for all unformulated and formulated
glyphosate modalities. The average pH values in the post-extraction so-
lutions were ranged from 6.4 to 7.0, representing decrease from the pH
of the control ranging between 0 (for 20 mg L of glyphosate) and 0.57
(for 100 mg L! of formulated glyphosate) pH unit.
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Figure 5.1 Concentrations (lines) and proportion (pie charts) of mole-
cule remaining in solution after extraction (n = 3; a) and extractability
(n = 3) of Cu (b), As (c), Mo (d), and Pb (e) in the uncontaminated soil
(Vieusart) following four extraction modalities: control (Milli-Q wa-
ter), glyphosate (20 and 100mgL™), formulated glyphosate
(100 mg L), and AMPA (100 mg L ™). Numbers indicate the tested
modality/ control extractability ratios (the dashed line represents the
control value). The Latin and Greek letters on the top of the bars repre-
sent the statistically significant differences (Kruskal-Wallis test and
Dunn test with Bonferroni adjustment) for concentrations and sub-
stances, respectively. Scales were adapted for each element.
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Figure 5.2 Summary of tested modality/control extractability ratios (n
= 3) for each studied element in the uncontaminated (Vieusart) and the
three contaminated (Sainte-Walburge, Bressoux, and Aubange) soils.
Colours represent the range of positive (purple) or negative (green) in-
fluence compared to the control. Elements were ranked in order to bet-
ter see shared behaviours between elements.

5.4.2. Trace element extractability in contaminated agricultural soils

A similar experiment was performed for the two anthropogenically con-
taminated (Sainte-Walburge and Bressoux) and one naturally enriched
(Aubange) soils (Figure 5.3). These three soils indicated elevated trace
element content compared to European agricultural soils (Table 4-1;
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Baize 2000). The element water-extractability was ranged from Cd in
Aubange (0.22 ng gsoir *) to Mn in Aubange (3.8 pug gsoir %), i.e., on av-
erage 5.5 times higher than for the uncontaminated soil. Overall, the
tested modality/control extractability ratios for the four selected trace
elements were between 0.7 (for Pb with 100 mg L™ of AMPA at
Sainte-Walburge and Aubange) and 10 (for Cu with 100 mg L™ of for-
mulated glyphosate at Bressoux). This highlighted a higher heterogene-
ity compared to the uncontaminated soil. We also compared these four
trace elements with the glyphosate: according to the soil considered,
molar concentration increased from 0.0019-0.0016 to 0.015-
11.1 umol L™* for Mo and Cu, respectively, with an addition of
0.59 mmol Lt of glyphosate (i.e., 100 mg L 1), representing an ele-
ments/ glyphosate molar ratio of 0.5-1.9 for the anthropogenically con-
taminated and 0.009% for the naturally enriched soils (considering Cu,
As, Mo, and Pb). Except for Pb with 20 mg L of glyphosate, both an-
thropogenically contaminated soils presented similar patterns between
modalities and elements (including comparable extractability ratios for
Mo and As), and dissimilar to Aubange. For glyphosate, the extracta-
bility was either enhanced or similar compared to the control depending
on the tested concentrations. The highest influence was observed for Cu
with 100 mg L™! of glyphosate at Bressoux and, to a lesser extent,
Sainte-Walburge (p < 0.05), while the naturally enriched soil generally
showed lower effects (p > 0.05). As for the uncontaminated soil, the
effect can be evidenced from 100 mg L™! of glyphosate (e.g., Cu at
Bressoux, p < 0.05) or from 20 mg L of glyphosate (e.g., As at Au-
bange, p < 0.05). Surprisingly, the extractability was increased for some
trace elements with 20 mg L™* of glyphosate without effect observed
with 100 mg L™ of glyphosate: case for Zn in Sainte-Walburge or As
in Aubange (p < 0.05).

The four selected trace elements presented frequently a positive effect
with 100 mg L of formulated glyphosate. The tested modality/control




extractability ratios were similar or higher than for unformulated
glyphosate (statistically significant differences for As in Sainte-Wal-
burge and Cd in Aubange compared to the control, p < 0.05). The in-
fluence of AMPA on trace element extractability was generally lower
(on average, from x 0.7 tox 1.6 depending on the selected elements and
the considered site), with no effect for half of the presented results (p >
0.05). As for the uncontaminated soil, Pb also highlighted lower ex-
tractability than the control (with the exception of Bressoux).

Similar groups of elements defined in the uncontaminated soil were also
observed in the contaminated ones (Figure 5.2): e.g., Ti, V, Cr, Mn, and
Co behaved like Pb, with higher extractability with 20 mg L™ of
glyphosate than 100 mg L. The overall effect of glyphosate, however,
was lower in contaminated soils and formulated glyphosate showed
higher influence compared to glyphosate (except for Sainte-Walburge).
Also, Cu and Zn behave similarly in regard to glyphosate with some
exceptions in Sainte-Walburge (Zn more extracted with 20 mg L™ of
glyphosate compared to 100 mg L2, as observed for Cd). AMPA gen-
erally presented no effect (for 24 cases) or negative influence (for 17
cases) on element extractability compared to the control. However, dif-
ferences appeared among contaminated soils: the negative influence
was observed in Sainte-Walburge and Aubange, but not in Bressoux
(except for Ba and to a lesser extent Zn).
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Figure 5.3 Concentrations (lines) and proportion (pie charts) of mole-
cule remaining in solution after extraction (n = 3; a) and extractability
(n=3)of Cu(d, e, 1), Pb (g, h, i), As (], k, I), and Mo (m, n, 0) in the
three contaminated soils (Sainte-Walburge, Bressoux, and Aubange)
following four extraction modalities: control (MilliQ water), glyphosate
(20 and 100 mg L%), formulated glyphosate (100 mg L%, and
AMPA (100 mg L™1). Numbers indicate the tested modality/control
extractability ratios (the dashed line represents the control value). The
Latin and Greek letters on the top of the bars represent the statistically
significant differences (Kruskal-Wallis test and Dunn test with Bonfer-
roni adjustment) for concentrations and substances, respectively. Scales
were adapted for each element.

Results of the molecule remaining in the post-extraction solution indi-
cated the same trend in the three contaminated soils: increasing propor-
tion of active substance with increasing glyphosate concentration (on
average, x1.7 from 20 to 100 mg L), higher proportion with formu-
lated glyphosate than unformulated glyphosate, and intermediate pro-
portion with AMPA (Figure 5.3). The naturally enriched soil, however,
showed on average 3.2 times less glyphosate remaining in solution with
100 mg Lt compared to both Sainte-Walburge and Bressoux. As ob-
served for the uncontaminated soil, no AMPA was measured above the
detection limit in the post-extraction solution in the unformulated and
formulated glyphosate modalities.

5.4.3. Extractability potential

We finally considered the extractability potential of trace elements (i.e.,
extractability normalized to soil element concentration) to compare the
different soils by eliminating any concentration influence. We thus
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compared the extractability potential of each tested modality
(20 mg L ! of glyphosate, 100 mg L ! of glyphosate, 100 mg L of for-
mulated glyphosate, and 100 mg L™ of AMPA) to the extractability po-
tential in the control (Figure 5.4). Considering the glyphosate influence
on the extractability potential of elements (Figure 5.4 a-b), Vieusart
depicted an overall higher positive effect compared to the contaminated
soils, particularly with 20 mg L™ of glyphosate. For contaminated
soils, Sainte-Walburge and Aubange generally presented higher ex-
tractability potential than Bressoux with 20 mg L of glyphosate, while
negative effect was common with 100 mg L™* of glyphosate. Overall,
Cu, Zn, Mo, and Sb were the most potentially extractable element in all
uncontaminated and contaminated soils considered in this study,
whereas Co, Ti, and Sn highlighted the lower extractability potential.
Arsenic was the only element with a wide range of extractability poten-
tial according to the considered soil. Formulated glyphosate showed
similar pattern as unformulated glyphosate with the same concentration
(Figure 5.4c), while AMPA decreased the influence on the extractabil-
ity potential compared to glyphosate, reducing differences observed be-
tween the soils studied (Figure 5.4d).
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Figure 5.4 Extractability potential of trace elements of each tested mo-
dalities compared to extractability potential in the control (n = 3):
glyphosate 20 mg L™* (a), glyphosate 100 mg L™ (b), formulated
glyphosate 100 mg L™* (c), and AMPA 100 mg L (d). The solid line
represents the 1:1 ratio, and the dashed lines represent the 2:1 ratio (up-
per line) and 1:2 ratio (lower line).
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5.5. Discussion

5.5.1. Influence of glyphosate on trace element mobility in uncon-
taminated soil

The application of glyphosate in uncontaminated soil samples fre-
quently highlighted a positive effect on trace element mobility. Indeed,
67% of the tested trace elements showed a mean mobility > 1.2 times
higher than the control after adding 20 mg L™ of glyphosate, despite
not always statistically significant differences due to the low number of
replicates and the statistical tests used. Some of these observations have
already been documented (e.g., As, Cd, Cu, Ni, and Pb; Morillo et al.
2000; Barrett and McBride 2006; Divisekara et al. 2018), while, to our
knowledge, no information is available in the literature regarding other
trace elements. Some trends (Cu > Zn) were in accordance with metal-
glyphosate complexation coefficients found in the literature (Madsen,
etal. 1978). For some elements (e.g., Baand Zn), an increasing mobility
was only observed when the concentration of glyphosate reached
100 mg L%, Although these two tested concentrations are not com-
monly found in soil solutions (glyphosate concentrations are generally
below 1 mg Lt in soil solution samples and decrease dramatically with
soil depth; Veiga et al. 2001; Vereecken 2005; Borggaard and Gimsing
2008), they are 100- to 500-times lower than the concentrations of the
solution directly applied to the field. This suggests that trace elements
should mostly be mobilized in the upper soil layers that are exposed to
higher glyphosate concentrations after spraying than the commonly re-
ported soil solution ones before dilution by consecutive rain event. We
assume that along the vertical transport and the environmental changes
with soil depth (such as glyphosate concentration), both trace elements
and glyphosate could find new sorption sites. Despite the high hetero-
geneity of uncontaminated soils, Vieusart soil can be representative of
a large range of temperate agricultural soils because of its physical and




chemical characteristics (i.e., silty soil with low organic carbon con-
tent).

Among the trace elements considered, we highlighted different groups
with comparable masses following the same behaviours regarding their
interaction with glyphosate (Figure 5.2): e.g., Ti, Mn, Cr, Co, and V
(light elements) or Cd, Sh, and Mo (heavy elements), despite that some
elements did not fully fit with this grouping (e.g., Pb). For instance,
both Cu and Zn (in between those light and heavy elements) showed
frequent complexation to organic matter (Martinez and McBride 1999;
Wong et al. 2007; Borggaard et al. 2019) that highlights their affinity
for organic compounds, such as organic pollutants (including glypho-
sate), resulting in element mobility enhancement (Figure 5.2; Barrett
and McBride 2006). Note that although organic molecules can have an
effect on the trace element extractability, the nature of these molecules
may largely influence this mobility. However, water-extractable or-
ganic compounds being present in every modality (both in the control
and in the pesticide treatments) from the same soil, it becomes possible
to determine the role of glyphosate alone. Several other trace element
chemical features, however, are pointed out as important factors con-
trolling their sorption capacity, such as electronegativity, charge/radius
ratios and related Goldschmidt categories, or hydrolysis constant
(Goldschmidt 1937; McBride 1994; Covelo et al. 2004). The element
origin (e.g., lithogenic elements such as Co, Mn, Ni, and Ti; Rubio et
al. 2000) or their complexation capacity may also contribute to this
grouping.

Surprisingly, the effect of glyphosate on the element mobility was
higher at 20 mg L™ compared to 100 mg L* for 11 of the 15 elements
considered (especially for Co, Cr, Mn, Pb, Sn, Ti, and V; Figure 5.2).
Note that the glyphosate concentration in the post-extraction solution
was lower for the 20 mg L™ modality and, despite a higher relative
sorption of glyphosate, the total mass of glyphosate that was sorbed on




the soil was still lower than for the 100 mg L ! modality (Figure 5.1).
With three negative and one positive charges under common soil pH
conditions (from 5.6 to 10.6; Sprankle et al. 1975), sorbed glyphosate
could contribute to the soil CEC, and thus promote the cation binding
(Figure 5.5 a-b). The antagonist processes between trace element mo-
bilization by free glyphosate and trace element binding by sorbed
glyphosate could explain the non-linear response between applied
glyphosate concentration and trace element mobility. Nevertheless, as
major elements are not considered, it cannot be excluded that increased
desorption of elements like Ca and Mg under higher glyphosate con-
centration releases sites on the CEC contributing to a re-adsorption of
trace elements. The absence of such trends in literature data (e.g., for
Pb and Cd; Divisekara et al. 2018) may results from more contrasted
glyphosate concentrations, from extremely low (up to 2 times lower
concentrated compared to our lowest tested values) to high (up to 44
times higher) concentrations, preventing intermediate behaviours.
Moreover, only formulated glyphosate was considered in Divisekara et
al. (2018) which makes the comparison potentially difficult. Further in-
vestigations are thus required to confirm or refute this hypothesis, with
particular focus on the structure of the soil-trace element-glyphosate
complexes.
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Figure 5.5 Diagram of the influence of glyphosate concentration and
soil contamination level on trace element extractability.

5.5.2. Influence of glyphosate on trace element mobility in contam-
inated soils

Influence of glyphosate on trace element mobility in anthropogenically
contaminated soils (i.e., Sainte-Walburge and Bressoux) highlighted
similar groups as observed in the uncontaminated soil (Figure 5.2), in-
volving similar geochemical behaviours. The effect of glyphosate, how-
ever, was lower compared to Vieusart soil, particularly at 100 mg L
of glyphosate where no influence was evidenced for 50% of the ele-
ments considered. This likely results from the higher extractability of
anthropogenically derived trace elements even without glyphosate (up
to 25 times more extracted in the control depending on the element con-
sidered; Figure 5.1 and Figure 5.3) frequently observed in human-in-
duced contaminated soils (Rauret 1998; Sungur et al. 2014), making the
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influence of glyphosate negligible for many elements (Figure 5.5 b-c).
Indeed, the overall influence of 20 mg L™ of glyphosate decreased with
the contamination level, i.e., Vieusart > Sainte-Walburge > Bressoux.
In an absolute point of view, however, the same molar concentration of
glyphosate mobilizes a higher proportion of trace elements in anthro-
pogenically-contaminated soils (i.e., trace elements/glyphosate molar
ration of 0.5-1.9% vs 0.05% in Vieusart, considering Cu, As, Mo, and
Pb). Conversely, Cu presented a higher mobility with glyphosate in an-
thropogenically contaminated soils compared to Vieusart soil. Again,
this may result from the high affinity of Cu with organic compounds
(Sposito et al. 1979; Gao et al. 1997; Manceau and Matynia 2010), in-
cluding glyphosate. Note that Cu belongs to the most mobile elements
(along with As, Mo, Sb, and Zn according to the control data; Figure
5.4), we suspect potential environmental and health risks due to availa-
ble toxic elements in glyphosate-treated soils, especially when Cu is
applied as fungicide (Ballabio et al. 2018).

In contaminated soils, the sources of trace elements may largely control
the element behaviour. For instance, similar trends between Cd and Zn
in the modality/control extractability ratios (Figure 5.2) likely results
from a similar industrial source: both are frequently emitted from met-
allurgical and extractive industry along with Pb and Cu among others
(Helios Rybicka 1996; Cox et al. 2002). The nature of soil contamina-
tion determines the trace element speciation, and thus the trace element-
glyphosate interactions. The interaction between Cu and glyphosate has
been extensively studied in regard to both the role of ionic bridge that
Cu can form to enhance the glyphosate adsorption (Morillo et al. 2000;
Maqueda et al. 2002; Dousset et al. 2007) and the chelating effect of
glyphosate on the Cu extractability and sorbability (Glass 1984; Morillo
et al. 2002; Barrett and McBride 2006). Yet, we have demonstrated that




Cu, one of the most investigated elements in published glyphosate ex-
periments, exhibits a unique biogeochemical behaviour that cannot be
extrapolated to other elements.

In the naturally enriched soil (i.e., Aubange), the influence of glypho-
sate on the trace element mobility may be related to either the uncon-
taminated soil (e.g., Cu without drastic enhancement with glyphosate)
or anthropogenically contaminated soils (e.g., low influence for the
other elements; Figure 5.2). Since the overall mobility of trace elements
in Aubange was as low as in the uncontaminated soil (i.e., basically low
extractability in the control), glyphosate did not contribute much to the
trace element transfer from soil to water.

5.5.3. Influence of formulated glyphosate and AMPA on trace ele-
ment mobility

When glyphosate is formulated, its influence on trace element mobility
depended on the elements considered: lower influence compared to the
unformulated glyphosate for lower mass elements (<Ni) and Pb vs
higher influence for the other elements (except for Sb with no signifi-
cant difference; Figure 5.2). We proposed several hypotheses for this
contrasted result: (1) a complex formation between glyphosate and the
co-formulant that would limit the availability of sorption sites on the
glyphosate and, if applicable, the co-formulant (i.e., negative effect);
(2) a more important pool of free glyphosate able to form complexes
with trace elements due to glyphosate desorption (positive effect); (3) a
complex formation between trace elements and the co-formulant, as ob-
served for detergents with charged hydrophilic groups (Chittleborough
1980) that are frequently used as co-formulant, which promotes element
mobility (positive effect); or (4) changed surface properties of soil par-
ticles due to the co-formulant (positive or negative effect). Indeed,




glyphosate concentration in the solution after the experiment systemat-
ically increased in presence of the co-formulant (Figure 5.1 and Figure
5.3). Since there was no evidence for glyphosate degradation (i.e., no
significant AMPA production in the solution after the experiment), we
suggest a decrease of glyphosate sorption. This is consistent with the
most common role of the co-formulant that is to increase lipophilicity,
usually by detergent effect; it would thus decrease the glyphosate affin-
ity for charged soil surfaces. The influence of the formulation, however,
changed along the contamination level: from an average lower effect
compared to unformulated glyphosate in the uncontaminated soil (i.e.,
Vieusart) to an average higher effect in the highest contaminated soil
(i.e., Bressoux) and naturally enriched soil (i.e., Aubange). As glypho-
sate is always applied as a formulated product in the field, it is expected
that investigating unformulated glyphosate in controlled environment
leads to overall underestimations in contaminated soils. In addition,
some highly toxic elements (e.g., As, Cd, or Pb) are generally more
mobile with formulated glyphosate, encouraging the element bioavail-
ability and their adverse impacts on human and environmental health.

In comparison to unformulated and formulated glyphosate, AMPA
showed a lower influence on trace element mobility. Here, distinct
groups of elements were evidenced, suggesting other processes in-
volved in the trace element AMPA interactions (Figure 5.2). We hy-
pothesize that (1) complexes between trace elements and AMPA might
be easily sorbed to the soil (the lack of literature data about AMPA
sorption on soil particles prevent any validation) or (2) AMPA plays a
role of chelating agent for more mobile elements resulting in empty
sites on the exchange complex for less mobile ones (Bloem and Vogler
2018). The concentrations of AMPA remaining in the solution being
higher than those of glyphosate in the unformulated experiment (with
the exception of Bressoux where there was no negative influence on the
trace element mobility), this mainly leads to the second hypothesis.




Note that we compared glyphosate and AMPA with the same mass con-
centration: considering the molar mass (i.e., 1.5 times lower than the
glyphosate) and the fact that one mole of glyphosate is degraded to less
than one mole of AMPA because of the multiple degradation pathways
(Liu et al. 1991), we overestimate the concentration effect of AMPA
compared to glyphosate. Unlike the other elements, AMPA particularly
enhanced the mobility of As, one of the rare elements present as oxy-
anions. As AMPA has two negative charges and one positive charge at
pH > 5, it is surprising that AMPA does not promote the extraction of
positive ions (i.e., less mobile in presence of AMPA; Figure 5.2), likely
resulting from possible sorption processes of the trace element-AMPA
complexes to the soil (Barja and dos Santos Afonso 2005). However,
Mo also present as oxyanion did not follow the same trend, probably
due to distinct electronegativity, an important feature for complex for-
mation. With the exception of As, the degradation of glyphosate to
AMPA could thus limit the availability and leaching of trace elements
and their harmful effects.

5.6. Conclusion

In a context of multi-contaminated agricultural soils (i.e., both trace el-
ements and pesticides), it is required to understand the role of pesti-
cides, such as glyphosate, on trace element dynamics. In this study, we
observed increasing element (particularly for As, Cd, Cu, and Ni) mo-
bility from soil to water with glyphosate solution concentration of 20
and 100 mg L™t in a batch experiment, i.e., glyphosate concentration
comprised between solutions applied to the field and soil solutions col-
lected in the field. We thus expect a potential increase of trace element
availability after glyphosate treatment. The effect was higher for the
uncontaminated soil compared to both the anthropogenically contami-
nated and naturally enriched soils considered. This likely results from




the higher element extractability without glyphosate in highly contam-
inated soils. The use of formulated glyphosate, however, exacerbated
the trace element mobility thanks to a decrease of glyphosate sorption.
As AMPA showed a lower effect, except for As, it appears that degra-
dation of glyphosate is preferable for an environmental point of view.
These results need to be validated in more realistic conditions.
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6.1. Abstract

Trace elements dynamics in the soil-plant system depends on multiple
parameters, including chelating organic compounds from natural or
synthetic organic matters. In this study, we evaluated the influence of
one of the most common pesticides—glyphosate—on the mobility of
trace elements considering contrasted soils (uncontaminated, anthropo-
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genically contaminated, and naturally-enriched) in a greenhouse exper-
iment. Four modalities have been tested: one control without any appli-
cation, two with different glyphosate doses (1 and 3 times the author-
ised field dose), and one with compost addition to evaluate its potential
ability to mitigate the impact of glyphosate on trace element mobility.
Both, trace element and glyphosate concentrations were measured in
the soil solutions and trace element contents were determined in plants
at the end of the experiment. The results showed that, although glypho-
sate concentrations rapidly decreased in soil solutions, glyphosate ap-
plication still influenced the transfer of trace elements to both soil solu-
tion (up to 12-times higher) and plant (up to 5.2-times higher). This
influence was highly dependent on both the specific elements and the
type of soils considered. For instance, in uncontaminated soils, glypho-
sate especially increased the mobilization of Mn, Co, Zn, Mo, and Pb
to soil solution. This effect diminished of 2.5 times on average with
increasing soil contamination. A similar trend was observed for the
transfer of trace elements from soil to plant (i.e., on average 2.2-times
lower in the most contaminated compared to the uncontaminated soil).
However, in the naturally-enriched soil, opposing trends were noted be-
tween soil solutions and plants. The impact of compost addition on the
transfer of trace elements to plants remains unclear: compost enhanced
the transfer of trace elements to soil solution in uncontaminated and
naturally-enriched soils likely due to trace element input through the
compost, but decreased the transfer in anthropogenically-contaminated
soils likely due to adsorption processes. Therefore, glyphosate could
potentially increase the exposure of trace elements through food con-
sumption and their transfer to the ecosystem, particularly in uncontam-
inated and weakly contaminated soils. In highly contaminated soils,
compost could mitigate the glyphosate-induced enhancement of trace
element mobility to soil solutions.




6.2. Introduction

Trace elements, whose content is below 1%o in the Earth's crust, are
naturally present in soils. Additional sources, such as direct application
of exogenous organic matter or indirect inputs from industrial atmos-
pheric deposition, may contaminate the agricultural soils (Belon et al.,
2012). Although some trace elements are essential for plants and ani-
mals, all become toxic above a certain threshold, with particular health
concerns for Pb, Cd, Hg, or As (Underwood 1977; Arnich et al. 2012).
Since human exposure is closely linked to agricultural products and
drinking water, both soil-plant transfer and leaching to groundwater are
key processes for health risk assessment (Barati et al. 2010; Kabata-
Pendias 2011).

As they encompass various chemical families—metals (e.g., Cd, Cu,
Zn) and metalloids (e.g., As, Sh)—trace elements behave differently in
the environment depending on their speciation and chemical properties
(i.e., volatility, solubility, interaction with organic compounds, etc.;
Adriano, 2001; Kabata-Pendias, 2011). Moreover, environmental char-
acteristics, such as soil pH, redox, or cation exchange capacity (CEC),
are crucial in controlling the transfer of trace elements from one com-
partment to another. For instance, the presence of organic compounds
in soil—whether added (which may have undergone some modifica-
tion) or natural—can significantly reduce their transfer due to adsorp-
tion processes (Hooda 2010; Pathak et al. 2024). However, adding ex-
ogenous organic matter may also introduce extra trace elements to soils
(e.g., compost, manure, sewage sludge; Baldantoni et al., 2010; Benke
et al., 2008; Berti and Jacobs, 1998). This is especially relevant in the
context of climate change, as it is increasingly recommended to add
organic matter to soils for carbon storage purposes (Minasny et al.
2017). Additionally, dissolved organic matter from decomposition pro-
cesses may have a chelating effect, generating a complex that is either




more or less soluble than the ion itself, thus either increasing or decreas-
ing trace element mobility (Schmitt et al. 2002; Carrillo-Gonzalez et al.
2006). Low molecular weight organic compounds can promote trace
element solubility, while higher molecular weight compounds are more
likely to form insoluble complexes.

Most pesticides are organic compounds, often present as residues in ag-
ricultural soils due to their widespread use (Silva et al. 2019; Bhandari
et al. 2020). Some—including glyphosate, a widely used herbicide—
are known to have chelating abilities (McBride and Kung 1989; Morillo
et al. 2002; Barrett and McBride 2006; Divisekara et al. 2018). Glypho-
sate, along with its main degradation product, aminomethylphosphonic
acid (AMPA), has shown a significant effect on the mobility of several
trace elements (Barrett and McBride 2006; Si et al. 2013; Bemelmans
et al. 2023). This is primarily due to its multiple charged functional
groups (Sprankle et al. 1975): phosphonate (pKa 2.6), carboxylic (pKa
5.6), and amino (pKa 10.6). Additionally, pesticides are frequently ap-
plied as formulated products, i.e. with co-formulants that improve their
efficacy (Leaper and Holloway 2000; Krogh et al. 2003). These co-for-
mulants are known to influence the mobility of trace elements from soil
to soil solution, either directly or indirectly (Bemelmans et al. 2023).
Unfortunately, data on their chemical composition are unavailable due
to commercial confidentiality, hindering the identification of the pro-
cesses involved (Mesnage et al. 2019).

The presence of such organic compounds from pesticide application
may influence the mobility of trace elements from soil to soil solution
and plant. For example, Cakmak et al. (2009) suggest that the translo-
cation of certain elements may be reduced when associated with
glyphosate. Indeed, organic acids may be unable to cross cell mem-
branes and thus must follow the apoplastic route until they reach the
xylem through imperfections in the Casparian band (Perry and Green-
way 1973; Hdussling et al. 1988; Schaider et al. 2006). These effects on




trace element transfer are particularly concerning in contaminated soils,
although glyphosate has a relatively limited additional effect compared
to the initial pool of mobile elements (Bemelmans et al. 2023). Further-
more, organic compounds can affect phytohormones, which also play a
role in trace element uptake (Dai et al. 2023; Kumar et al. 2024). As
this research topic lies at the interface between organic and mineral soil
contamination, it has been underexplored, resulting in a knowledge gap.
We hypothesise that the application of glyphosate-based pesticides to
soil may increase the mobility of trace elements in both soil solution
and plant, but this effect should be weaker than those observed in the
laboratory with concentrations higher than the doses allowed in the
field.

In this study, we aimed to: (1) assess the influence of pre-sowing
glyphosate application on the transfer of trace elements from soil to soil
solution and plant; (2) compare the behaviour in uncontaminated and
contaminated soils; and (3) evaluate the potential of exogenous organic
matter to mitigate the glyphosate effect on trace element transfer. We
conducted a greenhouse experiment in which a glyphosate-based pesti-
cide was sprayed on four contrasting soils (varying in both contamina-
tion levels and types) at the maximum and 3 times the maximum dose
authorised in Belgium.

6.3. Materials and methods

6.3.1. Study area

Four agricultural soils from Wallonia, Belgium, were considered in this
study to include a trace element contamination gradient as described by
Bemelmans et al. (2023): (1) an uncontaminated soil from Vieusart
(50.6799°N, 4.6357°E; loamy soil, pHw20 = 6.5, CEC = 11.1 cmolc kg2,




organic carbon content Corg = 1.25%); (2) a moderately anthropogeni-
cally contaminated soil from Sainte-Walburge (50.6644°N, 5.5887°E;
loamy soil, pHHzo = 7.8, CEC = 15.2 cmolc kg2, Corg = 11.1%); (3) a
highly anthropogenically contaminated soil from Bressoux
(50.6374°N, 5.6109°E; loamy soil, pHwoo = 7.0, CEC =
26.9 cmolc kg, Corg = 15.8%); and (4) a naturally-enriched soil from
Aubange (49.5765°N, 5.7684°E; sandy clay loamy soil, pHH20 = 7.3,
CEC =20.8 cmolc kg2, Corg = 2.43%). Briefly, the soils of Sainte-Wal-
burge and Bressoux (region of Liege) were significantly impacted by
industrial activities, leading to atmospheric deposition and coal-extrac-
tion debris inputs that caused trace element contamination. The Au-
bange soil was developed on sedimentary rocks with high natural con-
tent of trace elements (e.g., As, Ni, and Cr).

6.3.2. Experimental procedure

On each study site, soil from the top 30 cm was collected with a shovel
and stored in 30-L plastic boxes. Soil samples were air dried at 25 °C
for 15 days and sieved through a 12-mm mesh. After homogenising, the
sieved soil material was slightly rehydrated before being placed in 10-
L pots for the experiment. Two weeks after glyphosate application (Gly-
fall Plus® at 360 g Lt, a commercial glyphosate-based pesticide from
Bayer Cropscience), nine spikelets of spelt (Triticum spelta) per pot
have been sown to mimic a field seeding density. In each pot, we added
20 g of NPK 9-7-14 fertiliser (i.e., 240 kgN ha™!) to ensure correct
plant nutrition. The experiment was conducted in a greenhouse over a
period of 107 days (from July 28, 2022 to November 23, 2022), includ-
ing 93 days from sowing to harvest. Environmental conditions during
the experiment were 17.6 to 36.1 °C for air temperature and 25 to 99%
for air humidity.

Four modalities were considered in the experiment: (1) a control with
no glyphosate application; (2) a single-dose application of glyphosate




(3.6 kg hal, i.e., the maximum annual dose authorised in Belgium;
Phytoweb 2015; “Max”) representing a realistic situation; (3) a triple-
dose application of glyphosate (“3Max”) to study the effect of a con-
trasted dose in case of low glyphosate effect; and (4) a triple-dose ap-
plication of glyphosate with an addition of 245 g of green waste com-
post (vegetation debris <15 mm, such as grass, dead leaves and
branches, from the Basse-Wavre composting platform, Walloon Bra-
bant) mixed in the soil (i.e., 35 t ha%, “3Max&OM”) to evaluate poten-
tial influence of exogenous organic matter on trace element mobility.
By comparing glyphosate application modalities to the control, we con-
sidered any potential glyphosate residues present in the soil material
despite no glyphosate was detected in the control modality. Note that
glyphosate application is not toxic for plants when it is already present
in the soil due to its foliar action. For glyphosate applications, we man-
ually sprayed 2.5 mL (Max) or 7.5 mL (3Max and 3Max&OM) of a 10
g L™* glyphosate solution using a hand sprayer.

Trace elements water extractability in soils and compost have been
evaluated by agitating 1 g of 2 mm-sieved soil with 40 mL of milli-Q
water for 16 h. The solutions were analysed before filtering at 0.2 um.

6.3.3. Sampling procedure

During the experiment, 42 soil solution samples (one per pot, except
some missing samples) have been collected 26 days after glyphosate
spraying each in 50-mL syringes with rhizon samplers (10-cm long hy-
drophilic polyether sulfone membrane with a porosity of 0.15 pum;
19.21.21 F, Rhizosphere, Wageningen, The Netherlands). Of these
samples, 5 had a volume too low for trace element analysis. For trace
element concentrations, an aliquot of every solution was acidified (2%
HNO3) and stored in polypropylene tubes prior to ICP-MS analysis.




For glyphosate concentrations, a second aliquot was stored at 4 °C
(maximum 7 days) before HPLC analysis.

At the end of the experiment, plant samples were collected by isolating
both aerial parts (i.e., by cutting at the collar) and root parts (i.e., by
removing soil particles and cleaning thoroughly using a soft brush and
demineralized water). Plant samples were oven-dried at 50 °C and then
weighted and ground (Cyclotec 1093 Sample Mill, Foss A/S, Hillerad,
Danemark). Plant masses are available in Annexe 7.

6.3.4. Chemical analyses

Concentrations of 15 trace elements were measured by ICP-MS (iCAP
Q ICP-MS, Thermo Fischer Scientific, Waltham, MA, USA) at the
Earth and Life Institute analytical platform (MOCA, UCLouvain, Bel-
gium). The SLRS-6 reference material (river water) was used for qual-
ity check; recoveries reached 100 £ 20% for all elements, except for Sb
(124%), Zn (131%), and Cd and Sn that were >150% (only relative con-
centrations between modalities were considered). Limits of detection
for soil solutions were between 0.001 and 0.01 pg kg2, except for Ti,
Ni and Zn (between 0.01 and 0.1 pg kg™?). Trace element concentra-
tions were determined in both soil and plant (i.e., root and shoot) sam-
ples by ICP-MS after a HF/HNO3z/HCI/H20- digestion procedure in a
clean room (Arbalestrie et al., 2022). Reference materials (BHVO-2
and IAEA-336) have been used for quality check of mineral and organic
matrices, respectively. Recoveries reached 100 + 20% for all certified
elements, except for Sn (149%) in the BHVO-2, and Ba, Cr, Zn (80—
70%), Cd, Cu, Pb (70-60%), and Mo (47%) in the IAEA-336. Limits
of detection for solid samples were evaluated to <1 ng kg™, except for
Cr, Cu, Mn, Pb, and V (<0.01 pg kg™?), for Ba and Zn (<0.1 pg kg™3),
and for Ti (<1 ug kg™).




Glyphosate and AMPA were analysed in soil solution samples follow-
ing the Bemelmans et al. (2023) procedure (adapted from ISO 21458
and ISO 116308). Briefly, both molecules were derivatized at pH 9 (bo-
rate buffer) by FMOC-CI in excess before analysis by HPLC (1200 se-
ries, Agilent Technologies Santa Clara, CA, USA) using phosphate
buffer/acetonitrile:methanol:Milli-Q water as elutant solutions.

6.3.5. Data treatment

Data were analysed using R 4.0.2. Results included triplicates, they
were compared to the control (i.e., without glyphosate application) and
expressed as tested modality/control concentration ratios for soil solu-
tion samples and tested modality/control content ratios for plant sam-
ples. Welsh t-tests were performed to evaluate the difference between
results for the glyphosate application modalities and controls.

6.4. Results and discussions

6.4.1. Influence of glyphosate on trace element transfer to soil solu-
tion

In this section, we will consider indifferently the influence of the
glyphosate molecule and the glyphosate-based pesticide. As the exper-
iment was based on formulated glyphosate, one should point out that
results can over- or under-estimate the actual influence of glyphosate
alone, since anther formulation may provide different results (Be-
melmans et al., 2023). We first focused on four contrasted elements: Cu
as the best documented element to interact with glyphosate; Pb as a
well-known toxic element frequently found in Belgian contaminated
soils; and As and Mo as oxyanions in natural Eh-pH soil conditions
(Figure 6.1, Annexe 7). In the uncontaminated soil (i.e., Vieusart), the
soil solutions collected 26 days after glyphosate spraying presented




higher concentrations for the four selected trace elements in the Max
modality than in the control: from 1.3 to 12 times, p < 0.1 for two of the
eight cases (elements/glyphosate modalities, compost excluded). This
has already been reported for few elements (e.g., Cu and Pb) under con-
trolled conditions where glyphosate highlighted metal desorption, re-
sulting in an increased leaching (Barrett and McBride, 2006; Divisekara
et al., 2018). When considering the 15 elements studied, we observed
that 80% of these elements showed a mean Max/control concentration
ratio >1.2 (Figure 6.2). This trend confirms the findings made in ex-
tractability experiment using the same soils (Bemelmans et al., 2023),
supporting that the enhancement effect of glyphosate still occurs in
more complex conditions using field-like concentrations and natural
percolation throughout the soil. This suggests that in real conditions,
glyphosate may enhance exposure to trace elements through leaching
into natural waters.

When the pesticide was applied at the highest dose (i.e., 3Max), no dif-
ference was observed for As and Cu concentrations in soil solutions
compared to the control, unlike Mo and, to a lesser extent, Pb with
higher concentrations (up to 7 times, even if no statistically significant
differences were observed; Figure 6.1). This contrasting result for
chemically similar elements (Pb and Cu as cations and Mo and As as
oxyanions; Hooda, 2010) indicates that the charge is not the only factor
that drives the element behaviour. Overall, higher glyphosate concen-
trations (i.e., 3Max compared to Max) have less influence on trace ele-
ment mobility (73% of the studied elements; Figure 6.1 and Figure 6.2),
resulting in an absence of significant differences compared to the con-
trol for the 3Max modality (against 5 with p < 0.1 for the Max modal-
ity), as already observed in Bemelmans et al. (2023). The hypothesis is
that, although chelation and complex formation can enhance trace ele-
ment solubility, glyphosate may be adsorbed onto soil particles due to
its multiple charges (i.e., one positive and three negative; Sprankle et




al., 1975), promoting the fixation of cationic elements on the soil. The
formation of ternary complexes involving glyphosate, trace elements,
and soil particles has already been documented, but primarily in the
context of enhancing glyphosate sorption through cationic bridge for-
mation (Morillo et al. 2000; Wang et al. 2006). Glyphosate degradation
over time leads to the AMPA formation, resulting to a reduced influ-
ence on trace element mobility (Bemelmans et al. 2023).

Similarly to Vieusart, the anthropogenically contaminated soils exhib-
ited an increased influence of glyphosate on the trace element mobility,
though the effect was weaker with only three of the 16 cases (ele-
ments/glyphosate modalities, compost excluded) with p < 0.1 (Cu, Pb,
As, and Mo; Figure 6.1 and Figure 6.2). Indeed, in the moderately con-
taminated soil (i.e., Sainte-Walburge), 73% of the elements studied
were more concentrated in soil solutions in the Max modality than in
the control with ratios >1.2 (and up to 3.0). Nonetheless, the average of
concentration ratios in soil solutions was much lower, reaching 1.6 in
Sainte-Walburge vs 3.2 in Vieusart. The highly contaminated soil (i.e.,
Bressoux), however, presented a lower influence, including negative
effect: >1.2-times lower for 6 elements and >1.2-times higher for only
1 element (Figure 6.2). The effect decreased with the increasing anthro-
pogenic contamination level, resulting from the higher pool of mobile
elements already present on deposited anthropogenic particles in con-
taminated soils (Bemelmans et al., 2023). Thus, the relative contribu-
tion of glyphosate remained minor, even in conditions more realistic
than extraction experiments. Note that the opposite trend was also ob-
served for Cu in the literature (Barrett and McBride 2006), highlighting
the influence of the nature of soil considered. In contrast to Vieusart,
higher pesticide dose (3Max) had no influence (Sainte-Walburge) or
increased the glyphosate effect (Bressoux; on average, 1.7-times
higher) on the potential leaching of trace elements in anthropogenically
contaminated soils.




A stronger negative effect was observed in the naturally contaminated
soil (i.e., Aubange) where statistically significant differences (p < 0.05)
were observed for three of the eight cases (element/glyphosate modal-
ity, compost excluded; Figure 6.1). Furthermore, eight elements
showed the Max modality >1.2-times lower compared to the control (up
to 4.2 times) vs only three elements >1.2-times higher (up to 1.9
times; Figure 6.2). It is noteworthy that Aubange presented specific
properties: (1) trace element less mobile than for the anthropogenically
contaminated soils because they are included in the mineral matrix
(Vandeuren et al. 2023); and (2) high iron oxide content promoting the
sorption of trace elements alone (Suda and Makino 2016) or glypho-
sate-trace element complexes onto iron oxides, limiting the trace ele-
ment mobility (Maqueda et al. 2002). This negative effect was even
stronger as the applied dose of glyphosate increased (average concen-
tration ratio of 0.48 for 3Max vs 0.88 for Max), highlighting the im-
portance of the dose considered.

In this study, only sprayed volume of similar glyphosate concentration
changed between modalities Max and 3Max. Glyphosate concentra-
tions measured in soil solutions decreased rapidly with time, resulting
in concentrations mostly below the limit of detection (<0.67 pg L™1).
Indeed, AMPA was detected in 56% of samples when glyphosate was
applied (up to 5.8 ug L), indicating that glyphosate was degraded
throughout the experiment. Since AMPA concentrations were higher in
the 3Max modality (up to 2.9) than in the Max modality (up to 0.67),
we assume that the influence of glyphosate should be higher in the
3Max modality. Note that AMPA may be partly responsible for the ob-
served effects since it has already been shown to increase the extracta-
bility of trace element, although with a weaker effect (Bemelmans et al.
2023). We thus demonstrate that glyphosate may influence trace ele-
ment dynamics from soil to soil solution even with field-like concen-




trations largely lower than concentrations used in previous experi-
mental conditions (Bemelmans et al., 2023; Divisekara et al., 2018).
Note that high air temperature and humidity in the greenhouse may ac-
celerate the pesticide degradation compared to field conditions.
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Figure 6.1 Trace element concentrations (n = 3) in soil solutions (26
days after spraying) of the uncontaminated (Vieusart) and the three con-
taminated (Sainte-Walburge, Bressoux, and Aubange) soils considering
various modalities: without glyphosate (Control), single dose applica-
tion of glyphosate (Max), triple dose application of glyphosate (3Max),
and triple dose application of glyphosate with an addition of compost
(3Max&OM). Scales were adapted for each element. For t-tests with
Control, p-value<0.1 = *, p-value<0.05 = ** and p-value<0.01 = ***,
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Figure 6.2 Summary of tested modality/control concentration ratios (n
= 3) of trace elements in soil solutions of the uncontaminated (Vieusart)
and the three contaminated (Sainte-Walburge, Bressoux, and Aubange)
soils considering various modalities: single dose application of glypho-
sate (Max), triple dose application of glyphosate (3Max), and triple
dose application of glyphosate with an addition of compost
(3Max&OM). For t-tests with Control, p-value<0.1 = *, p-value<0.05
=** and p-value<0.01 = ***, Elements are ranked in the same order as
in chapter 1.

6.4.2. Influence of glyphosate on trace element transfer to plant

We then studied the influence of glyphosate on trace element transfer
to plant. In this section, we only considered plant shoot, as it constitutes
the main agronomical interest for Poaceae. The four elements studied
for soil solutions have also been selected (Figure 6.3): Cu, Pb, As, and
Mo. Results of the uncontaminated soil (i.e., Vieusart) showed that the
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glyphosate application (Max modality) slightly increased the transfer of
trace elements from soil to plant (from 1.4- to 2.1-times higher than in
the control), despite a high heterogeneity between replicates making no
significant difference (p > 0.1). This increasing availability for plants
could result from: (1) a higher mobilisation of trace elements in soil
pore water (Bruemmer et al. 1986), as illustrated through soil solutions
(Figure 6.1); and/or (2) higher pool of trace elements in the exchangea-
ble fraction (i.e., sorption onto soil exchange capacity without increas-
ing concentration in soil solution). Overall, 67% of the elements studied
presented a positive effect (with content ratios >1.2), including both
cationic and anionic chemical forms (Figure 6.4). As observed for soil
solutions, trace element contents in plant materials were lower in the
3Max modality than in the Max modality (p < 0.05 only for Cu), sup-
porting a weaker effect on both soil solution and plant available frac-
tion, and thus the possibility of a non-monotonic effect of pesticides on
trace element mobility as a function of concentration.

When increasing the soil contamination level (Vieusart < Sainte-Wal-
burge < Bressoux), we observed a lesser or even negative effect (aver-
age Max/control content ratios from 1.7 to 0.8; Figure 6.3 and Figure
6.4). When applying the highest dose (i.e., 3Max), results showed a de-
crease in content ratios, limiting positive effects in uncontaminated soil
and amplifying negative effects in highly contaminated soils. The pres-
ence of coal in contaminated soils may promote the sorption of glypho-
sate-trace element complexes, thanks to the binding ability of both
glyphosate and trace elements on coal (Swaine 2013; Ighalo et al.
2021). However, some contrasting trends that occur between soil solu-
tion and plant reflect specific biological processes, such as barrier effect
of the Casparian band for chemical complexes. This is particularly rel-
evant in contaminated soils, where protective mechanisms are activated
to prevent metal saturation in plant (Antoniadis et al. 2017; Mishra et




al. 2020). In addition, this discrepancy may result from the non-repre-
sentativeness of the soil solution as a bioavailable fraction to plant, but
rather an indicator of possible subsequent groundwater contamination
(Arbalestrie et al. 2022). Finally, most elements present in the naturally
contaminated soil (i.e., Aubange) evidenced a positive effect of glypho-
sate on plant contents whatever the dose applied (on average, Max/con-
trol content ratio of 1.3 and 3Max/control of 1.5), including 47 and 67%
of trace elements considered, respectively. Note that the heterogeneity
between replicates were still important. Only Cd, Mn, Sb, and Zn were
not influenced by glyphosate whatever the dose applied, likely due to
their high mobility (e.g., Cd and Zn) that already promotes their leach-

ing.

Contrary to exchanges at the soil-soil solution interface, plant uptake
involves slower chemical processes that lead to lower heterogeneity be-
tween modalities in plant than in soil solution: plant content therefore
constitutes an integrative compartment unlike soil solution. Indeed, el-
ement dynamics in the rhizosphere are largely dependent on root and
microbial activity (including exudation and siderophores) occurring on
a small scale (Neumann and Romheld 1999), such as root acidification
by proton extrusion. As low-molecular-weight organic compounds,
glyphosate can form stable complexes in solution that could increase
plant uptake (such as EDTA, citric acid, oxalic acid, or acetic acid;
Ebrahimian and Bybordi, 2014; Qiao et al., 2020; Schmidt, 2003; Vassil
etal., 1998). Yet, under a pH of 5.6, glyphosate loses one of its negative
charges potentially decreasing its ability to interact with cations (Spran-
kle et al. 1975), which could explain the trend observed. These local
acidic conditions were probably less pronounced in the naturally-en-
riched soil, which had a higher pH. These complexes can thus enter the
plant through imperfections in the Casparian band (Schaider et al.
2006). Note that the plant uptake of glyphosate can also lead to metab-
olism disruption or flux saturation, resulting in variable trace element




contents in plant (Schmidt 2003; Prasad et al. 2006; Degryse et al.
2009). The complexity of those soil-plant transfer can explain some
contradictory trends between plant and soil solution, as in Aubange.

In Europe, only two of the trace elements have a legally controlled con-
tent in cereals, Pb and Cd, with a maximum authorised content of
0.2 mg kgt of fresh material (EU 2024). Considering ca. 80% of water
content by mass for Poaceae (Glenn 1987), shoot contents (no data for
grains) exceeded in Bressoux (Cd and Pb, control modality) and Sainte-
Walburge (Cd, Max modality). Note that these results were based on a
single application although several pesticides are applied in several
doses and a variety of pesticides is applied through the cultural period
(Yang et al. 2024).
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Figure 6.3 Trace element contents (n = 3) in plants (shoot of spelt) that
grown in the uncontaminated (Vieusart) and the three contaminated
(Sainte-Walburge, Bressoux, and Aubange) soils considering various
modalities: without glyphosate (Control), single dose application of
glyphosate (Max), triple dose application of glyphosate (3Max), and
triple dose application of glyphosate with an addition of compost
(3Max&OM). Scales were adapted for each element. For t-tests with
Control, p-value<0.1 = *, p-value<0.05 = ** and p-value<0.01 = ***,
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Figure 6.4 Summary of tested modality/control content ratios (n = 3) of
trace elements in plants (shoot of spelt) of the uncontaminated
(Vieusart) and the three contaminated (Sainte-Walburge, Bressoux, and
Aubange) soils considering various modalities: single dose application
of glyphosate (Max), triple dose application of glyphosate (3Max), and
triple dose application of glyphosate with an addition of compost
(3Max&OM). Elements are ranked in the same order as in chapter I.
For t-tests with Control, p-value<0.1 = *, p-value<0.05 = ** and p-
value<0.01 = ***,

6.4.3. Role of organic matter in controlling the glyphosate influence

We finally tested the influence of exogenous organic matter (i.e., com-
post) input on the glyphosate effect previously evidenced on soil-water
and soil-plant transfers. Considering both soils with low trace element
mobility (i.e., the uncontaminated and the naturally-enriched soils), we
observed overall higher concentrations in the soil solutions with com-
post addition (Figure 6.1 and Figure 6.2): on average,
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3Max&OM/3Max content ratios of 1.8 and 1.7 for Vieusart and Au-
bange, respectively, including 73 and 93% of trace elements considered
for which the ratios were >1.2, respectively. This was mainly observed
for Mn (up to 6.5 in Vieusart), Pb, Sn, Cu, Cd, and Ni, including ele-
ments particularly toxic. Zinc, however, showed an opposite pattern
with a content 2.7-times lower with compost addition, likely resulting
from sorption by organic compounds. These observations may result
from either (1) an additional pool of trace elements released by the com-
post itself or (2) soil elements mobilised by low molecular weight or-
ganic compounds from the compost via chelating properties (Vaughan
et al. 1993; Ahmad and Prasad 2012). Considering the water-extracta-
bility data, we estimated the compost contribution of the exchangeable
pool between 0.2% (for Sn) and 42% (Mo) in Vieusart (<15% for 73%
of the elements). In Aubange, only two elements presented a relative
contribution >15% (Zn and Mo with 24 and 27%, respectively), while
in the anthropogenically contaminated soils, the contribution was al-
ways <12%. We thus hypothesize that the exogenous organic matter
can promote the trace element mobilisation, as for most elements their
increased concentration is higher than its input. However, the transfer
from soil to plant showed more divergent results (Figure 6.3 and Figure
6.4). Indeed, six elements presented 3Max&OM/3Max content ratios
>1.2 (V, Mo, Cr, Co, Ti, and Pb) in Vieusart, while Sh, Sn, and Cu were
less concentrated with compost addition (>1.2-times lower). Note that
only negative effect was observed for five trace elements in the natu-
rally-enriched soil (Ni, V, As, Mn, and Co). We thus consider that the
compost can both adsorb or mobilise trace elements. Besides, a possible
interaction may exist between organic matter and pesticides: an in-
creased sorption of glyphosate in presence of organic matter could also
favour sorption of trace elements-glyphosate complexes (Albers et al.
2009; Ololade et al. 2014; Erban et al. 2018). Since some results were
inconsistent between plant and soil solution, we assume that complexes




formed by mobile organic compounds are not always bioavailable for
plant.

In the anthropogenically contaminated soils (i.e., Sainte-Walburge and
Bressoux), elements were mainly less concentrated in the soil solution
with compost addition (between 40 and 47% of elements with a nega-
tive effect, respectively, vs only 13% with a positive effect; Figure 6.1
and Figure 6.2). Cobalt, Zn, Ni, and As showed negative effect for both
soils, up to 3.9-times lower for Co in Bressoux. Results showed con-
trasted trends for transfer to plant, including 47% of negative effect in
Sainte-Walburge (vs 13% of positive effect), while Bressoux presented
27% for both positive and negative effects (Figure 6.3 and Figure 6.4).
Compared to the uncontaminated soil, the addition of organic matter
may partially decrease the trace element mobility in the anthropogeni-
cally contaminated soil by promoting the sorption effect over their re-
lease, which can to a certain extent counteract the effect of glyphosate
in the soil solution.

6.4.4. Environmental fate of trace elements after a glyphosate appli-
cation

Using a greenhouse experiment, glyphosate application has shown to
influence the transfer of trace elements from soil to soil solution and
plant. Here, we compare the two transfer pathways to assess their pos-
sible environmental fate and consequences, both in terms of hydrosys-
tem and food contamination. We thus jointly considered the element
concentration ratios between the tested modalities and the control in
both soil solution (solubility) and plant (bioavailability; Figure 6.5). For
the uncontaminated soil (i.e., Vieusart; Figure 6.5a), 53% of data points
(glyphosate application, whatever the application dose) were in the top




right corner, indicating a positive effect on the transfer to both soil so-
lution and plant. The higher solubility may result in a greater element
pool in the exchangeable fraction, and thus a higher bioavailability. The
main direct risk in uncontaminated soils therefore lies in increased
transfer to the plant, although the initial trace element contents are
lower. This is especially concerning as plants are especially critical for
human ingestion of trace elements (Antoniadis et al. 2017; Natasha et
al. 2022). Indeed, contamination of hydrosystem requires crossing the
barrier of deeper soil horizons before expecting to affect human health
(sampling only performed on the top 10 cm of the soil).

With the increasing anthropogenic contamination level (i.e., Vieusart <
Sainte-Walburge < Bressoux), however, we first observed a general de-
crease of the bioavailability influence, leading to antagonistic effects
depending on the contamination status considered (negative effect in
contaminated soil versus positive effect in uncontaminated soil; Figure
6.5b-c). Since the evolution on the bioavailability axis was more sensi-
tive than that on the solubility axis, we assume that the risk will mainly
be observed in natural waters. At high level of contamination, however,
the effects on the soil solution are weaker, ultimately reducing the trans-
fer of trace elements into the environment at the expense of their reten-
tion in the soil. Conversely, the behaviour observed in the naturally-
enriched soil (i.e., Aubange) indicated a different trend for most ele-
ments, with decreasing the solubility effect (up to negative effect) while
bioavailability remained unchanged compared to the uncontaminated
soil (Figure 6.5d). This likely results from the affinity of the complexes
formed with glyphosate and the mineral constituents of the soil, includ-
ing iron oxides for this specific soil (Maqueda et al. 2002), limiting their
solubility without impacting the more efficient root uptake (specific en-
vironmental pH and redox condition in the rhizosphere). This results in
the same environmental risk as described in the uncontaminated soil
without hydrosystem contamination due to higher soil retention. For




both plant and soil solution, the effect of glyphosate on the element mo-

bility, is important and mainly depends on the soil considered (includ-
ing the contamination type), while the geochemistry of each individual

element remains a relatively minor influencing factor.
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Figure 6.5 Influence of glyphosate application on the environmental
transfer of 15 trace elements considered (i.e., tested modality/control
concentration ratios in soil solutions and tested modality/control con-
tent ratios in plants) in the uncontaminated (Vieusart) and the three con-
taminated (Sainte-Walburge, Bressoux, and Aubange) soils considering
various modalities: single dose application of glyphosate (Max, light
green) and triple dose application of glyphosate (3Max, dark green).

6.5. Conclusion

Trace elements are a significant concern in agricultural soils worldwide,
and given the widespread use of pesticides, their role could be crucial
in the dynamics of trace elements in the soil-plant system and human
exposure. Firstly, this study demonstrated that glyphosate-based pesti-
cides could increase trace elements transfer in uncontaminated soil and
decrease it in highly anthropogenically contaminated soils, likely due
to the initially higher pool of mobile elements (Figure 6.6). Pesticide
use could thus influence human exposure to harmful trace elements, but
specifically in uncontaminated environments. Secondly, distinct trends
were generally observed between soil solution and associated plant,
particularly in contaminated environments. This requires all possible
risks to be taken into account, both in foodstuffs and drinking water
depending on the contamination levels. Thirdly, a non-monotonic rela-
tionship between added dose and trace element content was observed,
highlighting the competition between solubilization and adsorption pro-
cesses. Finally, compost addition primarily influenced soil solution
concentrations and was not effective method for counteracting glypho-
sate-induced increases in trace element transfer in uncontaminated
soils, as it tended to reinforce this effect. However, it may provide some
mitigation in contaminated soils. Given the diversity of pesticides used
in agriculture, there remains a knowledge gap regarding their combined




effects on trace element dynamics. Also, multiple pesticides application
could cumulatively affect trace element mobility and transfer to plant
throughout the growing season. Due to the experimental timing, we did
not analyse the edible plant parts that constitutes the main organs to
consider for a risk assessment. We thus recommend continuing research
in this topic, but under more realistic conditions to better assess the as-
sociated risks.

Uncontaminated soil Contaminated soil

Glyphosate +Compost Glyphosate +Compost

Transfer to soil solution

Figure 6.6 Summary of the influence of glyphosate and compost addi-
tion on trace element (TE) transfer to soil solution and plants.
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7. Chapter I1l. Combined effects of glyphosate and
tebuconazole on trace element extractability from
soil to solution

7.1. Abstract

Trace elements, though present at low concentrations in the environ-
ment, may reach higher levels in agricultural soils. Then, they can pose,
due to their toxicity, significant risks to human and environmental
health if their mobility and bioavailability are altered. It is known that
trace elements can interact with various organic compounds in soils
such as organic amendments but also pesticides of which the use is
widespread. Understanding how these substances influence, not only
alone but also together, trace element dynamics is crucial for effective
soil management and contamination control. The objectives of this re-
search were to investigate, first, how tebuconazole influences the mo-
bility of trace elements in both uncontaminated and contaminated soils,
and second, to explore the interactive effects of this substance with
glyphosate. Extractability experiments were conducted to assess the po-
tential mobilization of trace elements under varying conditions. The re-
sults revealed that tebuconazole significantly influences trace element
mobility (Mn increased up to 13 times and Pb up to 11 times), with
tebuconazole generally affecting extractability even more than glypho-
sate. It mainly increased the mobility of the most mobile elements but
decreased it for the less mobile ones, while for the intermediate ele-
ments the soil was of crucial importance. Moreover, increasing anthro-
pogenic contamination level has been shown to decrease tebucona-
zole’s ability to influence trace element dynamics. This study also




shows that the effects of combining these substances were predomi-
nantly additive or less-than-additive, though some synergistic interac-
tions were noted, especially under limiting factors such as important
concentration decreases.

7.2. Introduction

Trace elements, defined by their low content in natural environment
(<1%o), are potentially harmful to human and environmental health
(Adriano 2001). Indeed, despite some essential elements for living or-
ganisms (such as Cu or Zn), all are toxic at high doses and can cause a
wide variety of diseases (Underwood 1977; Arnich et al. 2012). Agri-
cultural soils may present high contents of these elements, with the as-
sociated risk depending on their mobility, i.e., their ability to move from
soil to soil solution and to plant (Kabata-Pendias 2004). The mobility
of trace elements is a function of their origin (Sungur et al. 2014): nat-
ural from parent material alteration vs anthropogenic from both atmos-
pheric deposition (e.g., originated from surrounding industry) and di-
rect input (e.g., manure, sludge, compost, or eventually industrial de-
bris; Bafiuelos and Ajwa, 1999). Indeed, trace elements included in
minerals are generally less mobile, while manmade materials present
potentially more mobile trace elements because of their sorption to sur-
faces (Sungur et al. 2014). This mobility is also influenced by the envi-
ronmental conditions, such as soil pH, redox, cation exchange capacity,
drainage, as well as the speciation of individual trace elements (mostly
divalent cations in common soil pH and redox, except, mainly, As and
Mo as oxyanions).

Trace element mobility is also influenced by the formation of organo-
metallic complexes (Violante et al. 2005; Clemente et al. 2010;
Ebrahimian and Bybordi 2014). Indeed, complexes can either increase
or decrease trace element transfer from soil to soil solution and to plants




depending on their solubility or their capacity to be sorbed on soil par-
ticles. The presence of solid or dissolved organic compounds can also
modify this mobility. For instance, phytoremediation applications use
specific organic compounds, such as citric acid or EDTA, to increase
trace element uptake by plants (Meers et al. 2005; Schaider et al. 2006;
Ebrahimian and Bybordi 2014). However, other organic substances
widely present in agricultural soils, such as organic pesticides, are also
able to form complexes with trace elements (Borggaard et al. 2019).

Indeed, both active substances (e.g., glyphosate) and metabolites (e.g.,
aminomethylphosphonic acid, AMPA, the most common glyphosate
metabolite) may modify trace element dynamics, particularly between
soil and soil solution, as well as between soil and plant (Cakmak et al.
2009; Bemelmans et al. 2024). Moreover, these molecules are fre-
quently found in agricultural soils (Silva et al. 2019), questioning on the
importance on the pesticide-induced transfer in these environments. In
addition, there is a discrepancy between the wide range of pesticides
used and found in soils (e.g., nearly 450 active substances, safeners, and
synergist approved in the European Union; EC, 2024) and the research
carried out on interactions with trace elements (i.e., mainly focused on
glyphosate, only limited information for other molecules). For instance,
tebuconazole is one of these other molecules that complex trace ele-
ments, as observed for Cu, but little is known about its ability to influ-
ence trace elements mobility (Evans et al. 2007; Cadkova et al. 2013;
Li et al. 2017a). Another challenge is that commercial products also
include substances—co-formulants—to improve their pesticide action.
Formulated pesticides show a different influence on trace elements than
active substances alone (Bemelmans et al. 2023). If knowledge on the
effect of pesticides on trace elements is scarce, knowledge about inter-
actions between multiple active substances and trace elements that may
lead to competitive or synergistic effects is, to our knowledge, absent




from the scientific literature. This is especially true when including co-
formulants.

In this study, we aimed to investigate the joined influence of glyphosate
and tebuconazole on trace elements mobility in soil to evaluate whether
this effect is additive or synergistic. Therefore, we compared extracta-
bility capacity of pesticides alone (glyphosate and tebuconazole) and a
mixture of pesticides in an extraction experiment using four soils with
increasing contamination level.

7.3. Materials and methods

7.3.1. Study area

Four agricultural soils were collected in Belgium following a contami-
nation gradient (Bemelmans et al. 2023). The uncontaminated soil was
located in Vieusart (50.6799°N; 4.6357°E), slightly acidic (pHn20 =
6.5), with low organic carbon content (1.25%) and a CEC of
11.1 cmolc kg . The second one was moderately contaminated by hu-
man activities, from Sainte-Walburge (50.6644°N; 5.5887°E), charac-
terised by a higher soil pH (pHH20 = 7.8), organic carbon content
(11.1%), and CEC (15.2 cmolc kg ™). The third one was highly contam-
inated by human activities from Bressoux (50.6374°N; 5.6109°E), char-
acterised by a soil pHu2o of 7.0, a higher organic carbon content
(15.8%), and a CEC of 26.9 cmolc kg*. Finally, a naturally-enriched
soil has been collected in Aubange (49.5765°N; 5.7684°E) and was
characterised by a pHu20 of 7.3, an organic carbon content of 2.43%,
and a CEC of 20.8 cmolc kg 2.




7.3.2. Soil sampling and preparation

Thirty litres of the top 30-cm soil layer were collected on an approxi-
mative surface of 4 square-meters using a shovel on every study site.
All samples were air-dried at 25 °C for 15 days before sieving through
a 2-mm mesh. A subsample was crushed with a soil grinder (Vibratory
Disc Mill RS 200, Retsch, Haan, Germany) for trace element and or-
ganic carbon content analyses. CEC and soil pHn20 were measured on
the 2-mm sieved subsample.

7.3.3. Experimental procedure

The implemented experiment followed the protocol of Bemelmans et
al. (2023) of which results were extracted to also serve as reference
here. Briefly, 5 g of soil sample were added in a 50-mL propylene cen-
trifugation tubes and mixed with 25 mL of extracting solution (1:5 ra-
tio). Tubes were agitated in the dark for 2 h at 150 bpm. Tubes were
then centrifuged for 25 min at 4000 rpm and filtered with a 0.45-um
pore size nylon Acrodisc®. One sub-sample was acidified at 2% HNO3
before trace element quantification, while another sub-sample was used
for pH measurement and pesticide quantification.

Several extracting solutions were tested using Milli-Q water for their
preparation: (1) unformulated tebuconazole (Sigma Aldrich) at a con-
centration of 10 mg L™! (Tho, equivalent to 32.5 umol L™1); (2) formu-
lated tebuconazole (Tebusip, Sipcam Oxon) at three distinct concentra-
tions (2mg L™ for ThF,, 10 mg L! for ThbFio, and 100 mg L ™! for
TbF100, equivalent to 6.5, 32.5, and 325 pumol L2, respectively); and (3)
a mix of unformulated tebuconazole and glyphosate (concentrations of
10 and 100 mg L%, respectively), Tb1oGlyi00. Our pesticide concentra-
tions were selected according to their concentrations in the application
solutions and soil solutions. Higher unformulated tebuconazole concen-
trations were not possible because of its low water solubility. Also, the




concentration ratio between tebuconazole and glyphosate respected the
ratio of pesticide application, as the Belgian regulation fixed maximal
yearly dose of tebuconazole of the order of ten times lower compared
to glyphosate. All experiments have been performed in triplicates.

7.3.4. Chemical analyses

Trace elements in soil samples were quantified after a four-step diges-
tion (HNO3/HF, H202, HNO3/HCI, and HNO3) in a ISO 6 cleanroom
(Arbalestrie et al. 2022). Trace element (As, Ba, Cd, Co, Cr, Cu, Mn,
Mo, Ni, Pb, Sb, Sn, Ti, V, and Zn) quantification in soil and solution
samples were performed using a ICP-MS (iCAP Q ICP-MS, Thermo
Fischer Scientific, Waltham, MA, USA) using internal standards (Ru,
In, Re). Quality was checked using the Certipur multi element standard
(Sigma Aldrich) and the HM-10 (ICP-Forest reference material) for lig-
uid samples. Deviations from certified values were inferior to 10% for
all elements except for Zn (19% for Certipur and 13% for HM-10).
Each element was measured at a concentration above the quantification
limit.

Glyphosate and AMPA have been measured by HPLC (1200 series,
Agilent Technologies Santa Clara, CA, USA) using a Merck Lichrocart
C18 150 x 4.6 mm-5 um column kept at 35 °C, after dilution to reach
the range of the analytical method (1 to 20 ug L ™). Samples were deri-
vatized by an excess of FMOC-CI at pH 9 (borate buffer). Elutants were
pH 7 10 mM phosphate buffer (A) and 45:45:10 acetonitrile:metha-
nol:Milli-Q water solution (B). Elution was performed at a flow rate of
1 mL min—1 using the following gradient (expressed as solvent B):
from 0 to 1 min, 25% B (initial composition); from 10 to 15 min, 100%
B; from 17 to 22 min, 25% B. The detection was performed by a fluo-
rescent detector with an excitation at 260 nm and an emission at 310 nm




7.3.5. Data processing

Trace element concentrations in the extraction solution were expressed
as soil extractability (i.e., masse of extracted element by mass of soil).
Statistical analyses were performed using R4.0.2 and RStu-
dio 2023.09.1.

To evaluate both glyphosate-tebuconazole interactions, theoretical ad-
ditive values have been calculated for trace elements. The theoretical
concentration of the trace element was defined by the following equa-
tion:

Mey, = Mecontror + (MeGlyloo - Mecontrol)
+ (MeTblo - Mecontrol)

Me: extractability of the element (usually a metal)

7.4. Results and discussion

7.4.1. Influence of tebuconazole on trace elements mobility in soil

Uncontaminated soil

We first investigated the influence of tebuconazole on trace element
mobility in the uncontaminated soil (i.e., Vieusart; Figure 7.1). Ten out
of the 15 elements considered (As, Cd, Co, Cu, Mn, Ni, Pb, Sb, Sn, and
V) were more extracted in presence of tebuconazole than in the control,
whatever the concentration and formulation considered (Tbio, ThF2,
TbF10, TbF100). Two elements (Ti and Cr) showed influence only for
the ThF1o modality, despite an important inter-replicate variability. The
elements that were the most affected by tebuconazole were Mn (up to
13 times more concentrated) and Pb (up to 11 times). Interestingly,
these elements were not those that are well-documented to form com-
plexes with tebuconazole (e.g., Cd, Co, Cu, Ni, Zn; Evans et al., 2007,
Li et al., 2017; Norkova et al., 2012). Indeed, the extractability of Ni




was among the least influenced elements by tebuconazole (ratio up to
1.6), showing that complex formation observed in the literature does
not predict its influence on the element fate. This confirms the risk of
increased trace element release following a tebuconazole application,
and particularly for highly concerning elements like Cd and Pb. Another
possible cause of trace element release is the competition between these
elements and tebuconazole on sorption sites (Redman et al. 2002).

Conversely, three elements (Ba, Mo, and Zn) had their concentration
decreased compared to the control (ratio down to 0.22 for Mo). There
is a possibility that they take places left vacant on the soil particle sur-
faces by the desorption of the other elements. Interestingly, some of
these were also reported to form complexes with tebuconazole, such as
Zn (up to 2.2 times less concentrated). These results are quite different
from those following glyphosate application as, except for Ba, no ele-
ment was less extracted in presence of glyphosate in the same soil. Ad-
ditionally, the elements that were especially more extracted differ.

Since pesticides are applied with co-formulants, we investigated formu-
lated modalities. Results showed that formulation played little role for
all elements (except for Ti), including <30% of relative difference in
concentration between formulated and unformulated modalities. For
nine elements (Ba, Cd, Co, Cu, Mn, Pb, Sbh, V, Zn), the concentration
in solution was lower when formulated tebuconazole was used. It
should be noted that the concentration of tebuconazole that remained in
solution after the extraction was not measured, and thus it is not possi-
ble to know the influence of co-formulants on the tebuconazole sorp-
tion, and its possible complex formation, as mentioned for glyphosate
by Bemelmans et al. (2023). One cannot, however, suppose that all
tebuconazole-based pesticides would interact similarly with trace ele-
ments. For instance, 30 commercial pesticides containing tebuconazole
are currently authorized in Belgium (Phytoweb 2024).




Soil pesticide concentrations changing with time due to degradation and
transfer processes, we compared the influence of different tebuconazole
concentrations. General trends regarding elements, however, do not al-
low to conclude for an influence of the dose of tebuconazole across the
studied range (2 to 100 mg L1). This is because, except for Cu and Sb,
the concentration of trace elements in solution were not proportional to
tebuconazole concentration (modalities TbF2, TbF10, TbF100). In addi-
tion, for Cu and Sb, differences were extremely small (ratios ranging
from 1.1 to 1.2 for Sb). This could be attributed to a saturation of the
effect of tebuconazole upon the studied tebuconazole concentration
range.

Anthropogenically contaminated soils

In the moderately contaminated soil (i.e., Sainte-Walburge), seven ele-
ments (Ba, Cd, Co, Cu, Mn, Pb, and Zn) were always more extracted in
presence of tebuconazole than in the control, while five elements (Cr,
Mo, Sbh, Sn, and Ti) were always less extracted in presence of tebucon-
azole (Figure 7.1). In the highly contaminated soil (i.e., Bressoux), al-
most the same elements were more extracted (including As and exclud-
ing Ba) and less extracted (including Ba and excluding Mo) with tebu-
conazole. It is worth noting that the number of elements showing either
an increase or decrease in concentration in the post-extraction solution
was similar for both contaminated soils. However, the average concen-
tration increase (relative to the control) for each affected element was
higher in the moderately contaminated soil (2.4 times more concen-
trated) than in the highly contaminated soil (1.8 times more concen-
trated).For the elements that were less mobile in presence of tebucona-
zole, the same is observed as there was more concentration decrease in
the moderately contaminated soil (1.8 times less concentrated) com-
pared to the highly contaminated one (1.6 times les concentrated), the
difference is however less obvious. Note that the mean concentration




increase in the uncontaminated soil was of 3.5 times and the mean de-
crease was of 1.9 times; this suggests a decreased effect of pesticide on
trace element extractability with increasing anthropogenic contamina-
tion levels. This can be attributed to the higher mobility of trace ele-
ments in anthropogenically contaminated soils (Sungur et al. 2014).
Consequently, the relative contribution of pesticide to the global trace
element release becomes less important. Similar results were observed
for glyphosate in Bemelmans et al., (2023).

In contaminated soils, the formulation generally decreased the influ-
ence of tebuconazole, for ten elements in Sainte-Walburge (difference
>0.2 between Thio and TbF10) and for five elements in Bressoux. This
Is consistent with the overall lower effect of tebuconazole in these soils.
Thus, even if formulation seems to decrease the chelation ability of
tebuconazole in contaminated soil, this also decreased with the increas-
ing contamination level (Figure 7.1).

Finally, the effect of concentration was unclear. In Sainte-Walburge,
Ba, Cd, Co, Mn, Pb, and Zn were the only elements with differences
>0.2 between TbF, and TbFio regarding their ratios to the control: all
indicated a reduced extraction efficiency when the tebuconazole con-
centration increased. In Bressoux, the same elements exceeded a differ-
ence of 0.2 (except for Ba), showing lower extraction with increasing
tebuconazole concentration. As observed for the formulation, lower dif-
ferences in the highly contaminated soil can be explained by overall
lower effects of tebuconazole. This likely results from a saturation of
the effect across the concentration range considered, highlighting the
need to study lower concentrations.

Naturally-enriched soil

In the naturally-enriched soil (i.e., Aubange), six elements were always
more extracted with tebuconazole (Ba, Cd, Co, Cu, Mn, and Pb), six




less extracted (As, Cr, Mo, Ni, Ti, and V; Figure 7.1). Average concen-
tration/control ratios were the lowest in Aubange compared to the other
soils. This is indicating that the soil did not only influence the magni-
tude of the tebuconazole effect, but can also invert it depending on the
element, as already observed for glyphosate (Bemelmans et al. 2023)
where ratios were also the lowest in Aubange. It could be associated
with the high iron oxides content in this soil, as they can sorb both ions
and organic compounds (Korshin et al. 1997; Suda and Makino 2016).
If this means that tebuconazole spraying could be less hazardous in this
soil, it could still increase exposure to harmful elements.

Finally, the formulation played a minor role in the extractability of trace
elements in Aubange as only five elements (Cd, Cu, Pb, Sn, and Zn)
showed a difference >0.2 between Thzo and TbF1o modalities (up to 0.34
for Cd). For all these 5 elements, the use of the formulated pesticide led
to a decreased element concentration in the post extraction solution (i.e.,
less positive effect). The role of concentration among the studied range
was also low in Aubange, as only four elements show a difference >0.2
between the TbF1o and ThF, modalities. For Ba, Mn, and Pb, concen-
trations in solutions were more important with the lowest tebuconazole
concentration (i.e., higher increase).
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Figure 7.1 Summary of tested modality/control extractability ratios
(n = 3) for each studied element in the uncontaminated (Vieusart) and
the three contaminated (Sainte-Walburge, Bressoux, and Aubange)
soils. Colours and size of the circles represent the range of positive or
negative influence of modalities in comparison to the control. Elements
are ranked similarly as the first data chapter.

Influence of tebuconazole addition across elements

Now that the whole set of elements-soil-modality triads has been pre-
sented, we grouped elements with similar behaviours. A first group (Cd,
Co, Mn, and Pb) includes elements that were always more extracted in
the presence of tebuconazole than in the control. BCR sequential ex-
traction showed that they were among the most mobile elements (i.e.,
higher proportion of exchangeable or reducible fraction; Annexe 9).
Though among the most mobile elements, there are important differ-
ences among their speciation in the solid phase. For instance, Cd
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reached up to 26% for the exchangeable fraction (and up to 64% for the
reducible fraction) while <2% of Pb was in the exchangeable fraction
(and 74% in the reducible fraction). This suggests that not only the ex-
changeable fraction is mobilized during the extraction experiment, the
reducible fraction could also play a role by being partially mobilized.
Indeed, it is already known that chelation is able to promote the disso-
lution of oxides (especially for low- crystallinity oxides; Borggaard,
1991; Chang and Matijevi¢, 1983; Nowack and Sigg, 1997). The pH is
also known to be a factor influencing the release of exchangeable trace
elements and the dissolution of mineral phases. The pH ranged from 5.9
to 6.5 for tebuconazole modalities, which is lower than those observed
for glyphosate extractions. However, decrease in pH was not correlated
with the effect intensity and thus cannot explain the reduction in ele-
ment mobility.

A second group of elements (Cr and Ti) showed a clear decreasing trend
in element concentration with tebuconazole. These elements, however,
were among the less mobile according to the BCR extraction. A third
group of elements (As, Ni, and to a lesser extent V) was moderately
influenced by tebuconazole in all soils (except in Aubange with a low
mobility). Finally, a last group gathered Cu and Shb, with a lower effect
of tebuconazole. Other elements (Ba, Mo, Sn, or Zn) have more indi-
vidual behaviours: they are neither among the most, nor the less mobiles
(cf. BCR extraction; Annexe 9). To a lesser extent, the same trend was
also observed for glyphosate that showed higher effects for the most
mobile elements, which seems contradictory with the decreased effect
with increasing anthropogenic contamination level (Bemelmans et al.
2023). It shows that mobility due to the mineralization and mobility due
to the geochemistry of elements have not the same influence. The pres-
ence of particularly toxic elements, like Cd and Pb, which were the most




mobilized by tebuconazole is especially concerning for human and en-
vironmental health, especially since tebuconazole is sprayed on crops
during plant growth.

The PCA performed on trace element concentrations in solutions also
reflects results observed before (Figure 7.2). The first component (ex-
plaining between 45.6% and 76.3% of the data variance depending on
the soil considered) highlighted the influence of tebuconazole (all tebu-
conazole modalities) separated from the control. Only few differences
between the different tebuconazole modalities were observed. On the
variables projection, elements that were less extracted in presence of
tebuconazole for most samples (Ba, Cr, Mo, Sn, Ti) mainly pointed in
the direction corresponding to the control modality. Barium was how-
ever pointing toward the tebuconazole side, in both Sainte-Walburge
and Aubange, in coherence with the ratios observed in Figure 7.1 (in-
creased concentration in presence of tebuconazole). The elements that
were clearly detaching themselves as strongly more extractable in pres-
ence of tebuconazole, being mainly Mn and Pb, but also Cd and Co
systematically pointed toward the tebuconazole modalities.
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Figure 7.2 Principal component analysis, for the studied soils, of the
concentrations of trace elements in the solutions of each modality
(n=3).

A focus on four contrasted elements

Four elements were selected based on their distinct behaviours accord-
ing to the previous results and because of their contrasted geochemistry
and sanitary impacts: (1) Pb with major health concern; (2) Cu as the
most well-documented element regarding trace element-pesticide inter-
actions; (3) As and (4) Mo as they form oxyanions.
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In the post-extraction solution, Pb was more concentrated with tebu-
conazole with at least half the modalities showing statistically signifi-
cant differences from the control (Figure 7.3). The influence of tebu-
conazole was even more important than that of glyphosate, even though
glyphosate is better known for its chelating abilities indicating that fur-
ther research on Pb-tebuconazole interactions should be carried out
(Barrett and McBride 2006; Si et al. 2013; Divisekara et al. 2018). In
the contaminated soils, the Pb extractability was still strongly increased
compared to the control (up to 6.4 times in the moderately contaminated
soil), but the effect decreased in the highly contaminated soil (ratio up
to 4.1) in line with the general trend from soil to soil. In the naturally-
enriched soil, the effect of tebuconazole was even more decreased in
comparison to other soils, while staying positive (ratio up to 2.8), prob-
ably because of the presence of iron oxides as the exchangeable fraction
was lower than in other soils (Annexe 9). Formulation decreased the
increase of Pb concentration in the soils where tebuconazole caused the
strongest concentration increase, thus limiting its projected harmful ef-
fect in an agricultural context.

Molybdenum was up to 4.5-times less present in the soil solution in
presence of tebuconazole in Vieusart (Figure 7.3). This suggests that
tebuconazole-Mo complexes are less stable in solution than Mo alone.
A possibility is that tebuconazole complexes are more prone to be
sorbed, but it has also been shown that trace element-tebuconazole com-
plexes can crystallize (Evans et al. 2007). Molybdenum was also less
extracted in Sainte-Walburge in presence of tebuconazole than in the
control (up to 1.4 times), an effect that is not present anymore in
Bressoux, where tebuconazole had nearly no influence on the extracta-
bility of Mo. Again, it is consistent with the trends already observed for
increasing anthropogenic contamination level. In Aubange, the ex-
tractability of Mo was strongly decreased by the presence of tebucona-
zole (up to 7.1 times). Indeed, trace elements were not mobile in this




soil (the situation is more similar to Vieusart) and, furthermore, the ad-
dition of organic substances in Aubange tends to decrease trace element
mobility. There was no effect of both formulation and concentration
across soils. The fact that Mo behaved differently than Pb could be as-
sociated with its charge. Indeed, Mo forms negative groups in solution
In opposition to most trace elements that are present as divalent cations.
But, if the charge were the determining factor, As, which also forms
negative groups, could be expected to exhibit similar behaviour. Arse-
nic, however, was only up to 1.7 times more extracted in Vieusart and
was nearly not influenced by tebuconazole in the anthropogenically
contaminated soils (increase of only up to 1.2 times; Figure 7.3). How-
ever, for 60% of the modalities, differences were statistically different
to various extent. In Aubange, As concentration is decreased by half.
Thus, given the divergence with Mo, the theory of the charge does not
hold. No effect of formulation or concentration was observed.

Of these four elements, Cu is the only one that is known to form com-
plexes with tebuconazole and it is even known to increase the tebucon-
azole sorption (Cadkova et al. 2013). However, though tebuconazole
always increases its extractability with 75% of modalities that show a
certain level of statistical significance, they remain low as they are plat-
eauing at 1.7 times the control (Figure 7.3). Again, there was a de-
creased effect of formulation (up to 20%), and the effect of concentra-
tion was negligible. A special feature of Cu was the stability of trace
elements concentration increase in presence of tebuconazole. Indeed,
this increase did not diminish with higher levels of anthropogenic con-
tamination. A similar pattern was observed with glyphosate, where the
concentration even increased further (Bemelmans et al. 2023).




0.008

0.008
Mo

0.003

>
w0

Extractable mass of element (ug Qsoil'1)

0.10

Cu

o
2
g

Vieusart Sainte-Walburge Bressoux Aubange
{uncontaminated) (moderately contaminatec) (highly contaminated) (naturally-enriched)
kk Hkk 12 *kk 0.5 ok
ke Rk
06 " -
P
09
0.10
04
06
0.05
02
03
X D
ﬁ L 0 4.7 NA NA o NA
0025 * 0010
0.06
0.020
Hk
*k
oos 0015 0008
0010 0.004
o0z
dokk
deke ©.005 0.002 *
E J 2 4
0 NA : NA NA
03
020
0.06
02
%
dekok
0.04
. E
*
04
D 005 ooz
x1.4 o NA o NA 0 NA
05 rhk %
097
¥ *dek
04 wk
0.06 *
= *
el **
08{
* 03
I 004
02
03
0.02
0.1
0 NA 0] NA o NA

Caontrol To10 ThF2 TbF10 THF100

Control To10 ThF2 TbF10 THF100

Control Th10 TbF2 TbF10 TbF100

Control Tb10 ThF2 TbF10 ToF100

148

Thesis Nathan Bemelmans | 2024



Chapter 11l. Combined effects of glyphosate and tebuconazole on trace
element extractability from soil to solution

Figure 7.3 Extractability (n = 3) of Pb, Mo, As, and Cu in the soils of
Vieusart, Sainte-Walburge, Bressoux, and Aubange following five ex-
traction modalities: control (Milli-Q water), tebuconazole (10 mg L™),
formulated tebuconazole (2, 10, 100 mg L1). The TbF100 modality was
only tested in Vieusart. NA stands for not analysed. Scales were adapted
for each element. Results of Dunn test for differences between modali-
ties and controls are symbolised by stars (*). One star indicates a p-
value inferior to 0.1 two stars, indicate a p-value inferior to 0.05 and
three stars inferior to 0.01.

7.4.2. Joined influence of glyphosate and tebuconazole on the ex-
tractability of trace elements

Since multiple pesticides were present together in the environment, we
then investigated the joined influence of glyphosate and tebuconazole
on trace element mobility (i.e., competition, addition, etc.). PCA results
(Figure 7.2) showed that, considering all elements, joined effects of
tebuconazole and glyphosate led to a combination of both single effects.
This was especially visible for the anthropogenically contaminated soils
as the map of individuals showed that the Th10Glyi00 Was located at a
position, in comparison to the control, corresponding to the same move-
ment on the first dimension (representing the tebuconazole effect) as
Th1o and the same as Glyioo 0n the second dimension (representing the
glyphosate effect). As a result, the sign of its score changed on both
dimensions in comparison to the control. The fact that in Aubange this
effect is less visible can be mainly explained by the lower effect of
glyphosate on trace element mobility in comparison to tebuconazole
(which is coherent with the lower explanatory power of the second di-
mension in this soil (10%). But to study more in depth the joined effect
of glyphosate and tebuconazole, six elements (As, Cd, Cu, Pb, Sn and
Zn) have been chosen to represent the diversity of the behaviours.
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Joined effects of glyphosate and tebuconazole were either additive
(38% of the elements, with less than 5% of difference compared to the
theoretical value that represent the sum of the theoretical concentration
increases for both modalities alone, in comparison to the control) or less
than additive (50% of the elements), while only two elements (Cd but
mainly Cu) showed effects that were sometimes synergistic (meaning
more than additive, Figure 7.4). The less than additive effects were
found especially in uncontaminated or naturally-enriched soils (Pb, Sn,
As). This could be linked with the lower pool of extractable trace ele-
ments in these soils, that led to a higher competition of pesticides for
the binding of elements. Regarding the individual effects of pesticides
on trace element mobility, the opposite trend was observed as pesticides
increased more trace element mobility in uncontaminated soils, since in
contaminated soils the relative effect of pesticides tended to be more
marginal (Bemelmans et al. 2023, 2024). However, this signifies that
the more contaminated the soils, the higher the risk to have additive
effects. Conversely, less than additive effects were observed in uncon-
taminated soils with less mobile elements. It is noteworthy that the final
concentration with the mixed modality was higher than any other mo-
dalities in 46% of the cases. As multi-pesticide contaminated soils are
common (Silva et al. 2019), there is thus a risk for an even more in-
creased trace element mobility when pesticides are not present alone.
Finally, the influence of tebuconazole on trace elements mobility was
stronger than the influence of glyphosate, despite its lower mass con-
centration and even lower molar concentration resulting from tebucon-
azole nearly twice higher molecular mass (Lewis et al. 2016).

The Pb concentration in the solution of the mixed tebuconazole-glypho-
sate modality was lower than the theoretical value in the uncontami-
nated and the moderately contaminated soils (Vieusart and Sainte-Wal-
burge; Figure 7.4). The effects were thus less than additive, suggesting
that both glyphosate and tebuconazole are competing for the complex




formation with extractable elements. However, for both soils, the con-
centration was even lower than for the tebuconazole alone. This could
be due to inter-sample variability, as differences were low in Vieusart,
but it also suggests that, when present together, the pesticide’s ability
to solubilise trace elements might be decreased beyond the competition
effect. This might be the consequence of an inactivation of the pesti-
cides by formation of either less soluble complexes between the pesti-
cides together and the metals or the formation of glyphosate-tebucona-
zole complexes that are thus less able to bind metals, as observed for
metal pesticide-organic acid interactions (Helal et al. 2006). In both the
highly anthropogenically and naturally-enriched soils (i.e., Bressoux
and Aubange, respectively), the Pb concentration was similar between
observed and theoretical values (difference <5%), thus indicating a
purely additive effect. Similar increased effects in presence of mixed
modalities have already been reported in the literature for other sub-
stances (Wang et al. 2019).

Tin shows a similar trend as Pb in the uncontaminated and moderately
contaminated soils with effects that were mainly less than additive (Fig-
ure 7.4). However, in Vieusart, concentrations became even lower than
for each individual modality (Thio and Glyioo), While staying superior
to the control. Nevertheless, the trend was reversed in Sainte-Walburge
and Bressoux, where both tebuconazole and glyphosate decreased Sn
extractability to such an extent that the theoretical concentration in
Sainte-Walburge became negative (and thus unattainable). If Sn was
less present in the mixed modality than in the control, it is not possible
to compare this case (diminution of trace elements concentrations) with
the cases marked by an increase of trace element extractability. Indeed,
the pool of elements was more limited, reaching the boundary of the
additive effect hypothesis. In this extreme case, competition for the
binding of trace elements increases drastically. The case of Aubange is
different, as tebuconazole and glyphosate had opposite influences on




Sn mobility. The theoretical value predicted a small concentration de-
crease, and it is a small decrease equal to the Glyioo modality that is
observed. The low influence of the pesticides on Sn mobility in this soil
suggest a result caused by experimental variability, though the for-
mation of insoluble metal-tebuconazole-glyphosate complexes cannot
be excluded.

For the concentrations considered, Cd mobilized by the mixed modality
was nearly equal to the prediction in all soils, which indicates an addi-
tive effect, though in Bressoux the effect was slightly less than additive
(Figure 7.4). Note that, in Aubange, the Glyigo modality had a low ef-
fect, it is thus difficult to consider the mixed effect as additive, as tebu-
conazole only seems to play a role on extractability.

The behaviour of As was similar to Pb and Cd, gathering three elements
with high health impact (Needleman and Bellinger 1991; Ratnaike
2003; Jarup and Akesson 2009). There was an equal or slightly less than
additive (by 11%) effects of the pesticides in the mixed modality (Fig-
ure 7.4). In Aubange, where glyphosate and tebuconazole had opposite
effects, the experimental concentration with the mixed modality was
intermediate between the individual concentrations of Glyioo and Thb1o.
However, the result was not as low as predicted indicating that in this
case a purely mathematical interpretation of the combination of effects
was not relevant.

Zinc showed a specific behaviour in Vieusart, as a wide difference was
observed between the prediction and the observation (80%), (Figure
7.4). In addition, though an increased concentration was expected in
comparison to the control, the result showed an important decrease (2
times) that was identical to the Thio modality alone. In the anthropo-
genically contaminated soils, the concentration of the mixed modality
was similar to the theory (<7%), like for As and Cd. In the naturally
contaminated soil, similarly to Sn, a slight decrease of extractability is




observed in comparison to the control, while both Glyigo and Th1o had
caused an even slighter increased concentration.

Finally, Cu in the extraction solution was higher than the theoretical
value in Vieusart and Bressoux, indicating a synergistic effect of
glyphosate and tebuconazole (Figure 7.4). In the moderately contami-
nated soil, observed concentrations matched the prediction. Of the six
chosen elements, Cu is the only one that was more extracted than the
theoretical value in three soils. It should be noted that glyphosate had
much more influence on Cu extractability than tebuconazole. Synergis-
tic effects can occur when agents are not limited by the same processes,
for example due to different abilities to accesses to compartments (Vla-
chodimitropoulou Koumoutsea et al. 2015). Thus, the addition of a pes-
ticide that itself has a low influence on trace element mobility could
have a higher influence than expected due to synergistic effects. In Au-
bange, the effects of glyphosate and tebuconazole were less than addi-
tive, and even inferior to the effect of tebuconazole, like Pb in Vieusart
and Sainte-Walburge.
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Figure 7.4 Extractability (n = 3) of Pb, Sn, Cd, As, Zn, Cu in the soils
of Vieusart, Sainte-Walburge, Bressoux and Aubange following four
extraction modalities: control (Milli-Q water, Bemelmans et al., 2023),
tebuconazole (10 mg L), tebuconazole (10 mgL™) + glyphosate
(100 mg L% and glyphosate (100 mg L%, Bemelmans et al., 2023).
The arrow represents the theoretical value based on additive effects.
Scales were adapted for each element.

7.5. Conclusion

As previously observed for glyphosate, tebuconazole could have a ma-
jor influence on the mobility of trace elements in soils, both increasing
the mobility of the most mobile elements, but decreasing the mobility
of the less mobile ones. In comparison to glyphosate effect, the behav-
iour is even more dependent on the element with strongly increased and
decreased element concentration for the same modality in the same soil
(Pb and Mo). The soil was of major importance for the elements that
were more intermediate in terms of mobility. The increase in anthropo-
genic contamination level decreased the influence of tebuconazole on
trace elements mobility, both regarding increases and decreases, as it
was observed following glyphosate addition. It indicates that mobility
of element one to another and among soils had different influences,
while both being crucial. It also implies that projections could be more
easily made than for glyphosate for which the mechanisms behind the
behaviour of individual elements was more difficult to unravel. If fol-
lowing similar mechanisms, glyphosate can increase (but also decrease)
plant uptake of trace elements as well as their transfer to solutions, tebu-
conazole spraying could possibly increase the transfer of harmful trace
elements such as Pb. Thus, experiments including plants need to be car-
ried out in this sense.




As in soils a variety of pesticides and other organic compounds coexist,
the other goal of this study was to evaluate the joined influence of pes-
ticides (glyphosate and tebuconazole) on trace elements mobility. Re-
sults showed that, though in some cases synergistic effects can happen,
purely additive and less than additive effects were the predominant ef-
fects observed. It has also been shown that additive effects, considered
as the sum of the increased concentrations regarding the control, was
relevant to represent the mechanism of small trace element concentra-
tion modifications. It was not, however, suitable for representing the
mechanisms of important modifications, especially important concen-
tration decreases that led to a strong competition. Real conditions ex-
periments, including undisturbed soil profiles and plants should be car-
ried out to evaluate if extractability trends translate to real soils and
plants. At present, one should consider that trace element mobility in-
creases can accumulate, though these accumulations would probably be
less than additive they could pose a risk under multiple complexing pes-
ticide spraying, especially for elements like Cd or As.




8. Chapter IV. Combined effects of pesticides and
dissolved organic matter on soil trace element ex-
tractability

8.1. Abstract

Though trace elements are present at low concentrations in the environ-
ment, soils, including the agricultural ones, may be enriched. Due to
their toxicity, they can cause important risks to human, but also envi-
ronmental, health. Especially if their mobility and bioavailability are
increased. Since trace elements interact with a broad range of organic
compounds in soils, including organic amendments and the widely pre-
sent pesticides, it is essential to understand how these substances, both
individually and together, affect the dynamics of trace elements for ef-
fective soil management and contamination control. In this research, we
investigated first how dissolved organic matter (DOM) affects the mo-
bility of trace elements in both uncontaminated and contaminated soils,
and second, its potential to modulate the effect of glyphosate. Batch
extractability experiments were conducted to assess the potential mobi-
lization of trace elements under varying conditions. The results showed
that DOM significantly influences trace element extractability. Dis-
solved organic matter mainly increased the mobility of the most mobile
elements but decreased it if for the less mobile ones, while for the in-
termediate elements the soil was of crucial importance. However, for
some elements, the influence of DOM was not clear due to the import
of elements through the DOM solution that influenced the equilibriums.
Regarding the influence of the soil, increasing anthropogenic contami-

nation levels has been shown to decrease DOM’s ability to influence




trace element dynamics. When combining DOM and pesticides, effects
were predominantly additive or less-than-additive though some combi-
nations of opposite trends were more intricate to decipher. Finally,
DOM did not consistently counteract the increased mobility caused by
pesticides, except in specific cases like arsenic contamination and can
hardly be considered as a suitable lever against trace element mobility
Increases.

8.2. Introduction

Present at low concentrations in the environment (<1%o), trace elements
may be harmful to human and environmental health (Adriano 2001).
Although all of these elements are toxic at high doses and can cause a
wide variety of diseases, some are essential for living organisms (e.g.,
Cu or Zn; Arnich et al., 2012; Underwood, 1977). In agricultural soils,
high contents of these elements occur, but their mobility—i.e., their
ability to be transferred from soil to soil solution and to plant—is also
key regarding the associated risks (Kabata-Pendias 2004). This mobil-
ity depends on their origin (Sungur et al. 2014). Trace elements can be
naturally present, mainly coming from the alteration of the parent ma-
terial, but they can also be anthropogenic and thus the consequence of
atmospheric deposition (e.g., coming from surrounding industries) and
direct input (e.g., manure, sludge, compost, or eventually industrial de-
bris; Bafiuelos and Ajwa, 1999). Indeed, trace elements that are in-
cluded in minerals generally have a lower mobility as they cannot be
simply desorbed but are mobilised following partial dissolution, while
materials of human origin present trace elements that are potentially
more mobile because they are mainly sorbed to the surfaces or included
in more degradable (e.g., organic) matrices (Sungur et al. 2014). Envi-
ronmental conditions, such as the physical and chemical context (soil




pH, redox, cation exchange capacity, drainage, etc.), but also the chem-
istry of individual trace elements (i.e., speciation of the element, diva-
lent cations or oxyanions) also play a role in trace element mobility.

It has been shown that complexation of trace elements with other or-
ganic compounds also largely influences their mobility. Complexes can
modify the transfer of trace elements from soil to soil solution, but also
to plants (Violante et al. 2005; Clemente et al. 2010; Ebrahimian and
Bybordi 2014). It depends on the capacity of these complexes to be ei-
ther soluble or sorbed on soil particles. There is a wide variety of or-
ganic compounds in soils that are able to form complexes with trace
elements. Among them are pesticides, which are predominantly organic
compounds. Whether they are active substances (e.g., glyphosate, tebu-
conazole) or metabolites (e.g., aminomethylphosphonic acid, AMPA,
the most common glyphosate metabolite), they may influence trace el-
ement extraction from soils and even modify the behaviour of trace el-
ements in the soil-solution-plant system (Cakmak et al. 2009; Be-
melmans et al. 2024). Besides, these molecules are frequently found in
agricultural soils (Silva et al. 2019), along with many others as nearly
450 active substances, safeners, and synergists are approved in the EU
(EC, 2024).

But the main pool of organic compounds does not come from pesti-
cides. Natural dissolved organic matter (DOM), that is widespread and
also known to influence the solubility of trace elements, is produced by
the degradation of organic debris (such as decaying roots) or any im-
ported organic materials (e.g., manure, compost, etc.; Beesley and
Dickinson, 2010; Carrillo-Gonzalez et al., 2006; Borggaard et al.,
2019). One could expect an increase of the input of such organic matters
as a consequence of the carbon storage capacity of soils and the benefits
for them in terms of fertility and stability (Minasny et al. 2017; Page et
al. 2020). Indeed, organic carbon management has become key in inno-
vative agriculture practices (Faust et al. 2016; Chenu et al. 2019). One




should add that other organic compounds, in their soluble form, are used
in phytoremediation applications (such as EDTA and citric acid). They
are added in situ for their ability to increase trace element uptake by
plants (Meers et al. 2005; Schaider et al. 2006; Ebrahimian and Bybordi
2014). Knowledge about interactions between pesticides, organic com-
pounds, and trace elements that may lead to increased trace element
mobility (and potentially human exposure) through additive or even
synergistic effects, or to decreased mobility through competition or the
formation of less soluble complexes is, however, lacking.

In this study, we aimed to investigate the influence of the joined effects
between DOM and glyphosate (and AMPA) on trace element mobility
in soils to evaluate whether it could be competitive, additive or even
synergistic. Thus, we would like to evaluate whether DOM could coun-
teract the influence of pesticides on trace elements mobility. In this per-
spective we also needed to characterise the influence of DOM alone on
trace element mobility. Therefore, extractions experiments were per-
formed on soils with increasing contamination levels using either sub-
stances alone or combining substances.

8.3. Materials and methods

8.3.1. Study area

Four agricultural soils were collected in Wallonia (Belgium), they form
a trace element contamination gradient and are from the same batch as
Bemelmans et al. (2023). One was uncontaminated and located in
Vieusart (50.6799°N; 4.6357°E), it has acidic conditions (pHn20 = 6.5),
has a low organic carbon content (1.25%), and a CEC of
11.1 cmolc kg ™. One was moderately contaminated by human activities
and was collected in Sainte-Walburge (50.6644°N; 5.5887°E), it had a
higher total carbon content (11.1%) and soil pH (pHH20 = 7.8). Its CEC




was slightly higher than in Vieusart (15.2 cmolc kg ™). One was highly
contaminated by human activities and was collected in Bressoux
(50.6374°N; 5.6109°E), it had a total carbon content of 15.8%, a soil
pHH20 of 7.0, and a CEC of 26.9 cmolc kg ™. Finally, a naturally-en-
riched soil was collected in Aubange (49.5765°N; 5.7684°E), it was
characterized by a pHH20 of 7.3, a total carbon content of 2.43%, and a
CEC of 20.8 cmolc kg ™.

8.3.2. Soil sampling and preparation

Thirty litres of the top 30-cm soil layer were collected from an approx-
imate surface of 4 square-meters using a shovel on every study site. All
samples were air-dried at 25 °C for 15 days before sieving through a 2-
mm mesh. A subsample was crushed using a soil grinder (Vibratory
Disc Mill RS 200, Retsch, Haan, Germany) for trace element and or-
ganic carbon content analysis. Cation exchange capacity and soil pH
were measured on the 2-mm sieved subsample

8.3.3. Experimental procedure

The experiments that were implemented followed the protocol of Be-
melmans et al. (2023). Some results were extracted from this article to
serve as reference here. In short, 5 grams of soil sample were added in
a 50-mL propylene centrifugation tubes and mixed with 25 mL of ex-
tracting solution (1:5 ratio). Tubes were agitated in the dark for 2 h at
150 bpm. Afterward, tubes were centrifuged for 25 min at 4000 rpm
and filtered with a 0.45-pum pore size nylon Acrodisc®. One sub-sample
was acidified at 2% HNOs3 before trace element quantification and an-
other was used for pH measurement and pesticide quantification.

A first series of experiments considered the effect of DOM alone on
trace element extractability. Therefore, a DOM solution was produced




by extracting DOM from 30 g of green waste compost in a 500 mL er-
lenmeyer using 200 mL of Milli-Q water. After 2-h agitation
(125 bpm), DOM samples were centrifuged at 4000 rpm before filtra-
tion at 0.45 pum. The sample was then diluted to reach a dissolved or-
ganic carbon (DOC) concentration of ca. 100 mg L™*. To evaluate the
joined effect of pesticides and DOM, several other extracting solutions
were tested based on the same DOM solution but with pesticide addi-
tion: (1) DOM and unformulated glyphosate (Sigma Aldrich) at a con-
centration of 100 mg L™ (Gly100DOC100, equivalent to 0.59 mmol-
aly L™1); (2) DOM and formulated glyphosate (Glyfall plus) at a concen-
tration of 100 mg L™ (GlyF100DOC100, equivalent to 0.59 mmol-
aly L™1); and (3) DOM and AMPA (Sigma Aldrich) at a concentration
of 100 mg L™ (AMPA100DOC100, equivalent to 0.9 mmolamea L™1). All
experiments were performed in triplicates.

8.3.4. Chemical analyses

The quantification of trace elements in soil samples followed a four-
step digestion (HNOs/ HF, H202, HNO3/HCI, and HNO3) in a I1ISO 6
cleanroom (Arbalestrie et al. 2022). Trace element (As, Ba, Cd, Co, Cr,
Cu, Mn, Mo, Ni, Pb, Sb, Sn, Ti, V, and Zn) quantification in soil and
solution samples were performed with an ICP-MS (iCAP Q ICP-MS,
Thermo Fischer Scientific, Waltham, MA, USA) using internal stand-
ards (Ru, In, Re). The quality was checked using the Certipur multi
element standard (Sigma Aldrich) and the HM-10 (ICP-Forest refer-
ence material) for liquid samples. The deviations from certified values
were inferior to 10% for all elements, except for Zn (19% for Certipur
and 13% for HM-10). Each element was measured at a concentration
above the quantification limit.

Glyphosate and AMPA were measured by HPLC (1200 series, Agilent
Technologies Santa Clara, CA, USA) using a Merck Lichrocart




C18 150 x 4.6 mm-5 pum column kept at 35 °C, after dilution to reach
the range of the analytical method (1 to 20 pg L ™). Samples were deri-
vatized by an excess of FMOC-CI at pH 9 (borate buffer). Elutants were
pH 7 10 mM phosphate buffer (A) and 45:45:10 acetonitrile:metha-
nol:Milli-Q water solution (B). Elution was performed at a flow rate of
1 mL min~t using the following gradient (expressed as solvent B): from
0 to 1 min, 25% B (initial composition); from 10 to 15 min, 100% B;
from 17 to 22 min, 25% B. The detection was performed by a fluores-
cent detector with an excitation at 260 nm and an emission at 310 nm.

DOC was measured as non-purgeable organic carbon in solution (<0.45
pm) using a total organic carbon analyser (TOC-L, Shimadzu, Kyoto,
Japan).

8.3.5. Data processing

Trace element concentrations in the extraction solution were expressed
as soil extractability (i.e., masse of extracted element by mass of soil).
Statistical analyses were performed using R4.0.2 and RStu-
dio 2023.09.1.

To evaluate glyphosate-DOM interactions, theoretical additive values
were calculated for trace elements. The theoretical concentration of the
trace element was defined by the following equation:

Me., = Mecontror + (MeGlyIOO - Mecontrol)

+ (MeDOC - Mecontrol)

Me: extractability of the element (usually a metal)

The same formula was used to evaluate theoretical extractability for
DOC-glyphosate, DOC-tebuconazole and DOC-AMPA




8.4. Results and discussion

8.4.1. Influence of dissolved organic matter on the extractability of
trace elements

General behaviour across soils

To evaluate the joined effect of organic matter and glyphosate on trace
elements extractability, we specifically studied DOM and firstly as-
sessed the effect of DOM addition as potential source of trace elements
and potential interaction with soil constituents. Indeed, 7 elements were
more concentrated in the post extraction solution following the DOC1g0
modality than in the control solution in Vieusart (Table 8-1). For 5 ele-
ments, the DOC1oo stock solution released less than 40% of the amount
released by the control (i.e., soil with water), but for Mo, it could release
up to 7.5-times more than the control. To ensure that a concentration
increase is not the consequence of the trace element addition through
the extracting solution, one could consider the DOCjgo-corrected value
(post-extraction solution concentration — DOC stock solution concen-
tration).

Among the set of elements, some displayed a clear behaviour regarding
DOM addition across soils. Three were always less extracted (Cr, Ti,
and V; Figure 8.1), all three among the less mobile elements (BCR ex-
tractions; Annexe 9). As no element was, for sure, more extracted in
Aubange in comparison to the control, no element can be considered as
always more extracted in presence of DOM. However, in the other soils,
Cd, Cu, Mn, and Ni were more extracted in presence of DOM. Note
that, Cd and Mn are known for the importance of vegetation in their
geochemical cycles (green waste compost served for the production of
the DOC100 solution) and Cu geochemistry is known for its strong con-
trol by organic matter that has a strong ability to bind it (Manceau and
Matynia 2010). Moreover, Borggaard et al. (2019) demonstrated that




Cu and Cd were especially extracted by dissolved organic compounds,
but As was also mentioned because of the dissolution of sorbents like
aluminium and iron oxides, it was not observed in this study. In a con-
text of increased organic carbon input in soils, sometimes with the goal
to increase the sorption of trace elements, the possibility of increased
mobility of some elements needs to be considered. Such high DOC con-
centrations are seldom reached with compost addition in agricultural
soils. But other applied products, such as manure, release more DOM.
In addition, greenhouse experiments performed on the same four soils
showed that compost could either increase or decrease trace element
mobility, with a strong dependence on the soil rather than the specific
element considered (Bemelmans et al. 2024).

Table 8-1 Mass of elements in the DOC10o stock solution relative to the
soil mass and extractability of trace elements under the DOC100 modal-
ity in the four soils.

DOCo stock Sainte-

solution Vieusart Walburge Bressoux Aubange

(19 g™soir) (19 g™ soir) (19 gsoil) (19 gsoil) (19 gsoil)
Ti 0.0197 0.119 0.378 0.211 0.0826
\ 0.0243 0.0275 0.0975 0.100 0.0464
Cr 0.00547 0.0127 0.0298 0.0216 0.0169
Mn 0.122 0.976 0.733 0.727 1.42
Co 0.00536 0.0114 0.0144 0.0119 0.0101
Ni 0.0234 0.0816 0.151 0.129 0.0801
Cu 0.380 0.477 0.855 1.48 0.393
Zn 0.342 0.236 0.901 3.81 0.202
As 0.0277 0.0179 0.104 0.126 0.0251
Mo 0.0503 0.0277 0.108 0.0653 0.0101
Cd 0.000864 0.00208 0.00675 0.0124 0.00053
Sn 0.00198 0.00219 0.00673 0.0135 0.00264
Sh 0.00258 0.00499 0.0227 0.0568 0.00228
Ba 0.0695 0.270 0.408 0.414 0.0398
Pb 0.0231 0.0235 0.0903 0.370 0.0287




Uncontaminated soil

For Ba, Cr, Ti, V, and Zn in the uncontaminated soil, the addition of
DOM led to solution concentrations that were inferior to the control
(with a reduction of at least 60%; Figure 8.1), indicating that DOM in-
creased their sorption capacity on the soil (Figure 8.2 b). For As, Mo,
and Zn, the final concentration was lower than the concentration in the
DOC100 stock solution, indicating a net sorption of the elements of the
DOC100 stock solution by the soil (Figure 8.2 €). In some cases (Pb, Sn,
and Sb), the concentration in the post extraction solutions was higher
than in the control. However, the DOCioo corrected value was lower
than the concentration of the control (Figure 8.2 c). In this case, it is not
possible to conclude that DOM played a role as the net lower desorption
of trace elements from the soil may be the result of the sorption of the
important pool of trace elements already present in the solution
(brought by the DOC containing solution). The last case is when the
concentration is higher than the control even when the contribution of
the DOC10o stock solution is removed (Cd, Co, Cu, Mn, and Ni; Figure
8.2 d). It indicates an increased solubility due to the chelation by the
organic compounds or due to competition for the sorption on the soil.
Though the trace elements initially present prevent the quantification of
the DOM effect alone, high increases in element mobility were ob-
served (DOC corrected values up to 6.5 for Mn and more than 2 times
for Ni and Cd). In this soil, a similar concentration increase was ob-
served for Mn because of compost addition in a greenhouse experiment
(Bemelmans et al. 2024).

Anthropogenically contaminated soils

In the anthropogenically contaminated soils, as the general trace ele-
ment concentration in the control was higher, the contribution of the
compost was lower. All elements in the DOC stock solution were less
concentrated than in the control, except for Cu in Sainte-Walburge (1.4
times more) and Mo in Bressoux (2.3 times more). For elements that




were less extracted under the DOC100 modality (Figure 8.2 b), the de-
crease of extractability was less pronounced than in the uncontaminated
soil (with no element having a ratio <0.4). However, the number of such
elements was considerably higher, with 8 elements for Sainte-Walburge
(As, Cr, Pb, Sh, Sn, Ti, V, and Zn) and 7 for Bressoux (As, Ba, Cr, Sb,
Sn, Ti, and V; Figure 8.1). Only one element in Sainte-Walburge (Co)
and two in Bressoux (Co and Mo) were more concentrated in the post-
extraction solution than in the control (Figure 8.2 d), but their DOCjq0-
corrected concentrations were lower than those of the control, so they
can be reported as neither more nor less extractable. This is mainly the
consequence of the lower concentration in the control inducing lower
differences between uncorrected and corrected values. A similar num-
ber of elements were more extracted with the DOC100 modality com-
pared to the control in the anthropogenically contaminated soils (six el-
ements in Sainte-Walburge: Ba, Cd, Cu, Mn, Mo, and Ni; and 6 in
Bressoux: Cd, Cu, Mn, Ni, Pb, and Zn) than in the uncontaminated soil,
even when corrected values are considered. Nevertheless, though most
concentration ratios were in the same range, extreme values like the 6x
augmentation that was observed in Vieusart for Mn was not reached.
The diminution of the occurrence of extreme values, both low and high,
in the contaminated soils is to be associated with the increased pool of
mobile elements that consequently decreases the influence of the DOM
(Bemelmans et al. 2023, 2024), similar results were observed for tebu-
conazole. However, in greenhouse experiments, the addition of com-
post in solid form to the Bressoux soil decreased the trace element con-
centration, with less differences between elements, highlighting a
strong difference between the systems (in pot vs in tubes) and the or-
ganic matter form (dissolved vs solid) considered.




Naturally-enriched soil

In the naturally-enriched soil (Aubange), the mobility of trace elements
was low as observed in Vieusart, resulting in a higher proportion of
trace elements in the DOC10o stock solution (up to 10.6 times for Cu).
Still, for 8 elements, the concentration in the compost represented less
than 40% of the concentration of the control.

The number of elements that were up to 10-times less concentrated than
in the control was the most important in Aubange (10 elements; As, Ba,
Co, Cr, Mn, Ni, Pb, Ti, V, and Zn; Figure 8.1, Figure 8.2 €). This can
be linked to the results of tebuconazole and glyphosate in the same soil
as, in Aubange, the addition of organic compounds tends to increase the
sorption of elements more than in other soils. This is potentially due to
the strong presence of iron oxides that sorb both trace elements (Suda
and Makino 2016) and DOM (Gu et al. 1994) and might thus also sorb
trace element-DOM complexes. As observed in Vieusart, DOC1go-cor-
rected values were sometimes negative, indicating a net transfer of trace
elements from the DOC10o stock solution to the soil rather than desorp-
tion of the elements from the soil. For five elements (Cd, Cu, Mo, Pb,
and Sn), the influence of DOM could not be determined because the
measured concentrations were superior to the control without correction
but lower with the correction. Finally, no element had a DOC1qo-cor-
rected concentration superior to the control (they would be considered
more extractable with DOM), probably for the same reason as the high
number of elements that are less mobile in presence of DOM.




Chapter IV. Combined effects of pesticides and dissolved organic matter on
soil trace element extractability
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Figure 8.1 Summary of DOCioo/control extractability ratios (n = 3) for
each studied element in the uncontaminated (Vieusart) and the three
contaminated (Sainte-Walburge, Bressoux, and Aubange) soils. Ele-
ments are ranked in the same order as in chapter I.
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a) Control

Milli-Q water
b) Decreased desorption
DOC100 extracting
solution
c) Balance equal to the control
DOC100 extracting
solution

d) DOM induced trace elements desorption

DOC100 extracting
solution

e) Net sorption

DOC100 extracting
solution

ﬁ Trace element transfer

Figure 8.2 Schematic representation of the sorption desorption mechan-
ics of trace elements between soils and solutions.
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8.4.2. Influence of dissolved organic matter on the glyphosate-in-
duced trace element extractability modification

To evaluate the behaviour of trace elements under the joined influence
of glyphosate and DOM, we will focus on eight elements (As, Cd, Cr,
Cu, Mn, Pb, Sn, and Ti) with contrasting behaviours and environmental
interest. For mixed DOM-glyphosate or DOM-AMPA modalities, con-
centrations are compared with a theoretical concentration to determine
the concentration corresponding to purely additive effects. Note that,
overall, DOC had a small influence on the pH of the solutions as DOC
solutions had a neutral pH, the acidity of the solution was thus driven
by the soil and the pesticide such as in Bemelmans et al. (2023). As a
consequence, the pH of most post extraction solutions mainly ranged
between 6.4 and 6.8.

Uncontaminated soil

In the soil of Vieusart, all elements had a predicted concentration for
Gly100DOC100 modality superior to the control (Figure 8.3). However,
for Ti and Cr, two elements characterised by a low mobility in soils
(Cornu et al. 1999; Kabata-Pendias 2011), the extractability was de-
creased (ratios of 0.3), the DOM effect was thus overshadowing
glyphosate. One could imagine the formation of DOM-glyphosate-trace
element complexes (Daouk et al. 2015) and that they could be less sol-
uble due to their increased mass, even though trace elements-glyphosate
complexes (without DOM) were more soluble. Most studies report that,
in absence of metals, DOM influences pesticide sorption by many ways,
but mainly decreasing its sorption (Lee et al. 1990; Li et al. 2005; Mul-
ler et al. 2007). The extractability of all other elements was increased
(up to 10.2 times), but with wide variability regarding the difference
between observed and theoretical values. A similar additive effect was
observed for Cu, and it was less than additive for As, Pb and Sn. For Sn
and As, DOM and glyphosate even seemed to neutralize their effect as




extractabilities were below those observed for the Glyigo and the
DOC100 modalities. Synergistic effects were observed for Mn and Cd,
increasing the risk of exposure. Such cases could be favoured by the
presence of an additional pool of trace elements, coming from the
DOC100 stock solution (Table 8-1), which were already complexed in
solution before the addition of soil and can possibly reduce their sorp-
tion. In addition, this pool can be easily desorbed as it is not bound
strongly to the soil.

When glyphosate was formulated, extractabilities for Ti and Cr were
also governed by DOM that prevented glyphosate from increasing ele-
ment extractability as much as expected (Figure 8.3). All other elements
were from 2.5 (Pb, Sn) to 9 (Mn) times more extracted than in the con-
trol. Copper reached again the theoretical concentrations along with Pb,
while As and Sn were less extracted than the theoretical value (1.3 times
for As and 3.5 times less for Sn). As for unformulated glyphosate, Mn
and Cd had concentration higher than the theory (by 10 %). The co-
formulants played thus little additional role for DOM-trace elements
interactions.

For AMPA, like for the glyphosate modalities, Ti and Cr were less ex-
tracted in the mixed AMPA100DOC100 modality than in the control (Fig-
ure 8.3), but AMPA100 and DOC1q0 alone already decreased Ti and Cr
mobility by more than half. Therefore, the theoretical concentrations
were negative and competition for the binding of free ions by AMPA
and DOM was important. Other elements were from 2.1 (Sn) to 8.1
times (Mn) more extracted with the mixed modality than in the control.
Manganese, Cd, Sn and Pb were more concentrated than the theoretical
value indicating possible synergy. For Cu and As, observed concentra-
tions matched with the theory, while less than additive effects are not
observed for elements that are more concentrated in presence of the
mixed modality. Though AMPA and DOM were sometimes showing




effects that were not additive, it was the DOM addition that was con-
trolling trace element behaviour.

Anthropogenically contaminated soils

In Sainte-Walburge, the mixed Gly100DOC100 modality yielded concen-
trations below the control for Ti, Cr, Sn, and Pb (Figure 8.3). For the
first and the last, concentrations were even lower than predicted (more
than 7% difference). For Cr and Sn, however, the reached extractabili-
ties were not as low as the theoretical value, probably due to the com-
petition as well as the consequence of the high sorption capacity that
organic compounds would need to diminish as much the solution con-
centration. Similar results were observed in Bressoux, but with lower
mobility influence. For both Cu and As, concentration matched the the-
ory with increases of respectively 1.3 and 6.4 times regarding the con-
trol. Finally, Mn and Cd were in both soils, like in Vieusart, more ex-
tracted than predicted showing a strong synergistic effect between
DOM and glyphosate (up to 35% increase).

If glyphosate was formulated, differences were more important be-
tween the anthropogenically contaminated soils, as in Sainte-Walburge
trends were similar as for the Gly100DOC100 modality but in Bressoux
no element was less extracted than in the control under the
GlyF100DOC100 modality (Figure 8.3). The theoretical value predicted
this outcome, as co-formulants were known to enhance trace element
extractability. This effect was particularly pronounced for Cu, which
exhibited the highest increase in extractability amongst all elements and
soils (11 times), except Aubange. However, the observed increases
were lower than expected. Copper, which typically demonstrates addi-
tive effects with DOM and pesticides in most soils, did not reach the
theoretical levels, likely due to enhanced competition for the diminish-
ing pool of sorbed Cu. This scenario mirrors the important and unat-
tainable decreases in extractability observed for elements like Cr in




Vieusart under the AMPA100DOC100 modality. For Sn, the expected ex-
tractability increase was not reached. It could result from the high un-
certainty that existed on formulated glyphosate effect, but it has also
been noticed in other cases that DOM can dominate the effect of the
associated organic substance, maybe by inhibiting it.

The mixed AMPA100DOC100 modality led to lower trace element ex-
tractabilities than the other mixed modalities (Figure 8.3) due to the in-
itial influence of AMPA on their extractability (Bemelmans et al. 2023).
In most cases, effects of DOM and AMPA were additive or nearly ad-
ditive, like for As that shows less than additive effects and Mn for which
AMPA and DOM showed synergistic effects (but lower than with
glyphosate). In Sainte-Walburge exclusively, strongly less than addi-
tive effects between AMPA and DOM appeared for Cr and Sn due to
the strong predicted extractability decrease and the resulting competi-
tion. This difference disappears between theoretical and observed ex-
tractability in Bressoux as, following the increased mobility of the trace
elements, both DOM and AMPA have lower effects on trace element
extractability. Except for Cd, the other elements also showed less ex-
tractability deviation in comparison to the control under the
AMPA100DOC100 modality with the increasing anthropogenic contam-
ination level.

Naturally-enriched soil

In the naturally-enriched soil (Aubange), the mixed Gly100DOC100 Mo-
dality caused a decrease in the extractability of five elements in com-
parison to glyphosate alone (Figure 8.3). For As, it even shifted from a
positive effect to a negative one in comparison to the control. In this
soil, both glyphosate and, more importantly, DOC reduced the extracta-
bility of a wide range of elements. Thus, some of the predicted de-
creases in extractability compared to the control led to a strong compe-
tition and even unreachable negative values (Ti, Cr). Thus, less than




additive effects were encountered in all five cases (As, Cr, Mn, Pb, Ti).
Unlike in Bressoux, Cu extractability increases are attributed to the high
relative Cu concentration brought with the DOM in the extraction solu-
tion (Table 8-1), this effect of glyphosate and DOM is additive. In this
case, glyphosate alone having no influence on Cu extractability, it is
safe to consider that only the DOC100 Operated.

When the DOC 100 solution was added to the formulated glyphosate, ex-
tractability increased and reached the maximum across all elements
(with an increase of 11.4 times for Cu; Figure 8.3). While strong com-
petition typically leads to less than additive effects, in this case, the ef-
fects were perfectly additive. This was because the concentration of el-
ements introduced by the extracting solution (with DOC1q0) represented
93% of the final concentration in solution (Table 8-1). DOM had the
ability to decrease As extractability more than expected. This is inter-
esting as this soil is highly contaminated in As (Vandeuren et al. 2023).
Tin, like in Vieusart and Bressoux, was less extracted than the theoret-
ical value suggesting that the co-formulants interacted with DOM and
disactivated themselves. DOM counteracted effectively the effect of
formulated glyphosate for As, Cr, Mn, Pb and Ti.

The trends when DOM was added to AMPA were similar to those with
glyphosate and DOM for all elements. As a whole, Aubange was
marked by the increased number of elements that were less concen-
trated than in the control under the various modalities.
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Chapter IV. Combined effects of pesticides and dissolved organic matter on
soil trace element extractability

Vieusart Sainte-Walburge ‘ Bmssot!x Aubange
(uncontaminated) (mogerately contaminated) (highly contaminated) {paturally-erricnad)
06 e
10 H H H
: H R : i
) 04 H 0s
Ti :
05 . iz ‘
ﬁ . . gy 0.2 - i ' ;
o i ] i-ﬁ N ' o o ‘ i ‘
0.04 0-20
0.10 008 ; i
i 0o H 015 ; :
cr wos e : |
: i {00z 0.10
0.05 4 H H H
j ! 002 '
i i : i 001 0.05 H
| i'n | SN : |l w
+

v
0.015
0.003

0.010
0.010

0.002

s I B
; | ;oo
0.005 H i ; i
i 0.005 H ;
H H i 0.001
i ‘: | I ' } Ii' III
uﬁ' | '_. . .
N

; 0.15 i 008
0.06

0.10 -
- ; 0.04

Lo

- 0.05

' 0.02
] 0 ]

o “cc}@ bopc{‘ b{#"ﬁo& ‘PQ@‘ A g}"f‘ ﬁ% ﬁ"d) o™ d{u@@&oo&# ﬂl{’:ﬁ \flcgﬁ o &00(‘@‘
ot ?,g' e‘* ?,gl @ ﬂga“ er‘

Figure 8.3 Extractability (n = 3) of Cu, As, Cd, Mn, Ti, Cr, Sn, Pb in
the soils of Vieusart, Sainte-Walburge, Bressoux and Aubange follow-
ing eight extraction modalities: control (Milli-Q water), DOC, glypho-
sate (100 mg L), glyphosate (100 mg L) + DOC, formulated
glyphosate (100 mg L), formulated glyphosate (100 mg L) + DOC,
(100 mg L1), AMPA (100 mg L), AMPA (100 mg L) + DOC.
The arrows represent the theoretical values based on additive effects.
Scales were adapted for each element.
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Summary of the influence of the co-occurrences of DOM and pes-
ticides

In all soils except for Bressoux, and for all three mixed DOM-glypho-
sate modalities, Ti and Cr were less extracted than in the control. Fur-
thermore, in Vieusart and Aubange, the addition of DOC was able to
decrease substantially their solubility in comparison to the Glyioo and
GlyF100 modalities. Thus, DOM showed a real potential of mobility
diminution and especially of counteraction of glyphosate driven mobil-
ity increase. They also showed that strong competition between organic
compounds can occur and in extreme cases, where there is a strongly
limiting pool of trace elements, the additive effect theory was not rele-
vant.

On the other side, Cu and Cd were always more concentrated under the
mixed modalities than the modalities alone, with however diverse cir-
cumstances among soils and modalities. Cadmium showed that DOM
and other modalities could have synergistic effects, thus increasing the
exposure beyond the additive effect, for an element potentially toxic
and especially transferable to plants and to the food chain (Satarug et
al. 2003; Mendoza-Cdzatl et al. 2011). For Cu, additive or near additive
effects were observed. Furthermore, the increases of Cu were the most
important among elements in coherence with the fact that this element
has special affinity for both organic matter and glyphosate (Manceau
and Matynia 2010; Bemelmans et al. 2023). Depending on the soil, it
was one or the other that was the cause of the important mobility in-
crease. As with the increasing mobility of the Cu across soils, the con-
tribution of the DOC1qo solution decreased, being taken over by glypho-
sate that increases Cu mobility more with rising human contamination
level (Barrett and McBride 2006; Bemelmans et al. 2023). It indicates
that in highly contaminated soils, glyphosate is problematic but DOM,
though not compensating, becomes relatively minimal in terms of risk.




Manganese showed predominant synergistic effects of organic com-
pounds when there was an increase of mobility in comparison to the
control but, as manganese toxicity is rare and associated with occupa-
tional exposure, it is not especially concerning in this context (Adriano
2001). Arsenic and Sn were representative of less than additive or com-
petitive effects as this occurred for most cases. DOM could be used in
the specific case of As contamination to reduce its mobility, as it repre-
sents an important hazard and can be naturally present (Hughes 2002;
Vandeuren et al. 2023). The behaviour of Pb was more erratic, with a
combination of additive, synergistic and less than additive effects.

From one soil to another, the same trends were observed for glyphosate
in extraction and greenhouse experiments, but also for tebuconazole
and DOM addition. This means that, with the increasing level of an-
thropogenic contamination, the difference between the observed con-
centrations and the control decreased. With the decreasing difference
between the concentrations of a mixed modality and the control, the
competition for either the sorption or the solubilization of the trace ele-
ments decreased. Consequently, co-influences of pesticides and DOM
tended to get closer to the additive effect. The formulation, however,
did not play a striking role beyond the one it played in the context of
Bemelmans et al., (2023), as formulation does not obviously and con-
sistently influence the way modalities effects are adding themselves.
Therefore, it cannot be concluded that the formulant influences DOM-
glyphosate-trace element interactions to a major extent.

Regarding the use of DOC to counteract the influence of the pesticides
on the trace element mobility, 25% of the concentrations that were in-
creased by glyphosate were decreased by the addition of DOC. How-
ever, in 45% of the cases, the mixed pesticide-DOC100 modality in-
creased the concentration of the trace element in comparison to the pes-
ticide alone. Therefore, the performed experiment did not allow to con-
clude to a positive effect of DOM addition for the counteracting of the




pesticide mediated trace element increases. Nevertheless, results show
that in most cases, effects of pesticides and DOM are less than additive.
Though DOC concentrations of 100 mg L™ represent the upper fringe
in agricultural soils (Zhang et al. 2023), they can be reached after the
addition of organic inputs (Long et al. 2015). Moreover, Bemelmans et
al. (2024) showed that punctual high concentrations of an organic com-
pound can influence trace element mobility, which extends over time
even when the concentrations have decreased.

8.5. Conclusion

Dissolved organic matter showed the potential for a major influence on
the mobility of trace elements in soils, both increasing the mobility of
the more mobile elements and decreasing the mobility of the less mo-
bile ones. This in addition to being the cause of an important direct trace
element adjunction. For some elements, the soil was of major im-
portance. When anthropogenic contamination level increased, the influ-
ence of DOM on trace element tended to decrease, and this regarding
both increases and decreases of mobility. It indicates that the mobility
of elements, both relative to each other and across soils, did not have
the same influence.

As pesticides, such as glyphosate, and soluble organic compounds from
organic matter degradation coexist in soils, the other goal of this study
was to evaluate the joined influence of organic compounds on trace el-
ements mobility. Results showed that, purely additive and less than ad-
ditive effects were predominantly observed. Another finding is that the
concept of additive effects was well represented by the sum of the in-
creased concentrations regarding the control, and was relevant to figure
the mechanism for small trace element concentration modifications.
However, it could not represent the mechanisms of important modifi-
cations, especially important concentration decreases that led to a




strong competition due to an insufficient stock of elements. The conse-
quence of the application of such compounds on structured (undis-
turbed) soil to evaluate its influence on soil solution trace element con-
centrations should be investigated such as the influence on the transfer
to plant. Finally, one can conclude in the risk of an accumulation of the
trace element mobility increases until some sort of saturation process
occurs. As a consequence, DOM did not appear to be a suitable way to
hinder pesticide driven trace element concentration increases, except
for specific contamination and soils, such as As in the contaminated
soils.







9. General discussion

9.1. Influence of pesticide addition on trace elements mobility
depends on the nature of the soil

Both glyphosate and tebuconazole, whatever their chemical form (i.e.,
formulated or not), including some metabolites, had the ability to in-
crease or decrease trace element mobility in agricultural soils. How-
ever, this ability varied greatly according to the soil considered. In this
study, soil selection was based on a gradient of anthropogenic and nat-
urally-enriched contaminations. Experiments conducted in controlled
conditions (i.e., both laboratory extractions and greenhouse experi-
ments) showed that, whatever the chelating organic compound studied,
the increase in soil anthropogenic contamination levels led to a reduced
influence of the pesticide. This was observed for trace elements in both
solutions and plants. The reduced pesticide influence is attributed to the
fact that soils with a higher degree of anthropogenic contamination had
a more important pool of exchangeable elements with a high solubility
that are readily transferred to soil solutions. The contribution of the che-
lating agent seems thus negligible. This is similar to adding a lane to a
road that only has one vs a road that already possesses four. Another
hypothesis suggests that variations between the soils may result from
differences in soil characteristics, such as organic carbon content. In-
deed, this content followed the contamination gradient, but increased
glyphosate sorption on soil organic matter that might have been ex-
pected was not observed in this study, while organic matter in the form
of compost seemed to influence trace element behaviour. Thus, we
could suppose that: (1) the nature of the organic matter in the anthropo-
genically contaminated soils did not allow organic matter to play a role
on pesticide sorption; or (2) organic matter had an influence on trace




elements behaviour, and this influence could not specifically be isolated
from other soil characteristics.

The natural trace element enrichment in Aubange (especially in As) re-
sults from mineral formation and pedogenetic processes. Consequently,
the pool of trace elements readily available represents a small propor-
tion of the total one. Intermediate behaviours have been observed be-
tween the uncontaminated and the anthropogenically contaminated
soils, with uneven results depending on the modality and the element
considered. For instance, in the greenhouse experiment, higher trace el-
ement concentration in the soil solution were close to observations
made on the highly contaminated soil, whereas plant content behaved
like the uncontaminated soil. Aubange was characterized by an im-
portant proportion of decreasing effect on trace element mobility result-
ing from the chelation process. However, this cannot be attributed to
the contamination level alone, but also to the high content in iron ox-
ides, known for their sorption capacity. In the future, we suggest con-
sidering contrasted naturally-enriched soils to overcome the limitation
caused by the fact that it is not possible to have naturally contaminated
and uncontaminated soils with the same lithology, while the soils of the
contamination gradient were formed on roughly the same parent mate-
rial. Moreover, for comparability purposes, all soils had a circumneutral
pH but, as acidity changes the charge of both glyphosate (that loses
negative charges with decreasing pH) and organic compounds, but also
the chemistry of the surfaces and the elements, results are difficult to
generalise and acid as well as alkaline soils should be studied. Besides,
it is known that soil structure (that was omitted here because no exper-
iment on undisturbed soils has been carried out) influences both pesti-
cide and trace element behaviour regarding their transport but also their
degradation (by influencing micro-fauna; Nunan et al. 2006; Kohne et




al. 2009). While the main trends are soil-dependent, there are also dif-
ferences between elements, with some having opposed trends, such as
Cu.

9.2. Contrasted pesticide influences depending on the ele-
ment considered

Though soils played an important role on trace element-pesticide inter-
actions, there were wide variations among elements regarding their in-
teractions with pesticides. For glyphosate, we observed contrasting be-
haviours between the laboratory extractions and the greenhouse exper-
iments. And though groups of elements might share the same behav-
iour, others do not relate with each other. Indeed, Cu was the only ele-
ment that was released in solution in presence of glyphosate with in-
creasing anthropogenic contamination levels. Yet, this could be espe-
cially problematic since, despite its low toxicity to mammals, it is
known to be harmful for microorganisms. Moreover, agricultural soils
can be highly contaminated in Cu due to the use of Bordeaux mixture
(Ballabio et al. 2018). Conversely, for many elements, such as Pb, Ti,
Mn, Cr, Co, or V, the glyphosate influence was reduced in contaminated
contexts. However, results indicate a potential additional risk in uncon-
taminated sites as highly toxic elements (e.g., Pb, Cd, As) were more
transferred to solutions. Nickel, Cd, and to a lesser extent Sb, also
shared similar results with regular consistent mobility increases. This is
concerning, as Cd is an issue for human health and easily penetrates
plants. Arsenic is among the elements that had a singular behaviour and
was also among those that were more mobile in the presence of pesti-
cides for most glyphosate modalities. A slight trend appeared that
showed that the elements that are most increased tended to be the most
mobile. But, this trend failed to be sufficient to explain individual be-
haviours. Geochemical properties like the charge of ions were not of




greater help. General effects on trace element mobility (whether in-
crease or decrease) were even more important when tebuconazole was
added.

These groups, however, did not necessarily translate to the greenhouse
experiment, even in the soil solutions. For example, Cu did not present
its characteristic trend across soils, Pb was not as much extracted, while
Zn and Mo were more. Other elements that exhibited a change in be-
haviour include Sh and Sn, which showed an increased concentration
in the non-anthropogenically contaminated soils during the extraction
experiment and no effect in the others, but shifted to either no effect or
a decreased concentration across all soils during the greenhouse exper-
iment. Thus, the elements that had their solubility the most increased in
concentration in the uncontaminated soil were less harmful in the green-
house experiment compared to the extraction experiments. The contrast
between the uncontaminated soil and the moderately contaminated one
was less marked as trace element concentration increases were more
important in the moderately contaminated soil during the greenhouse
experiment than the extraction experiment. In the plants, new groups of
elements emerged, with As, Mo, and Ba showing similar behaviour by
increasing in content within the non-anthropogenically contaminated
soils, and to a lesser extent, in the moderately contaminated soil. Nota-
bly, Cd was the only element that did not show a concentration increase;
in fact, its content mostly decreased. This is reassuring, given that Cd
poses a risk primarily through plant uptake.

The elements that had their mobility most decreased in solution in pres-
ence of tebuconazole were Ti and Cr, the latter being among those that
are subject to regulations in Belgian soils, its concentration decrease
could be favourable in health terms. Some elements consistently
showed an increase in concentration in solution, among them were Cu
and Mn. Although Cu (which was moderately increased) is an essential
element, it has a regulated concentration in Belgian soils and is known




to be toxic (Uriu-Adams and Keen 2005), though the increase was mod-
erate. Mn is also an essential element that can become toxic at high
concentrations (Peterson and Skinner 1931; Miah et al. 2020). But the
most concerning elements that were consistently more concentrated in
solution in presence of tebuconazole were Co and, above all, Cd and
Pb. Indeed, their increases were reaching up to 3.9 times (Co), 3.5 times
(Cd) and 10 times (Pb), and Cd and Pb are causing major health con-
cerns (Needleman and Bellinger 1991; Jarup and Akesson 2009). Con-
trary to glyphosate, where the link between its effect on trace elements
and their geochemistry was intricate, tebuconazole-trace element inter-
actions were linked with the mobility of the element, although it could
not provide explanation of every element’s behaviour. Indeed, the ele-
ments that were always less extracted when tebuconazole was applied
were among the less mobile (with a high proportion in the soils that was
not available), while the most increased were among the most mobile
in the soil. For the elements that were intermediate in terms of mobility,
the soil was of great importance and the specific drivers of an increased,
or a decreased concentration in presence of tebuconazole were difficult
to unravel. The behaviour of elements was marked by their individual-
ity making predictions on the risks difficult.

Pesticides are applied as formulated products and not as active sub-
stances alone, and for glyphosate the presence of these additives had an
influence on trace element mobility. In the uncontaminated soil, the ad-
ditives decreased the influence of glyphosate on trace element mobility
for half of the elements but increased it for the other half. In the other
soils, it either had no influence or increased trace element extractability.
As the formulation of the pesticide decreased the sorption of glypho-
sate, it has been concluded that, though the co-formulants could interact
directly with the trace elements, there is a possibility that it increases
the stability of the complex in solution. For tebuconazole, the formula-




tion seemed to decrease the concentration of the trace elements in com-
parison to unformulated tebuconazole. As tebuconazole has not been
measured in the solution, the effect of the formulation was more diffi-
cult to disentangle. Beyond the co-formulants, pesticide degradation
produces other substances that may persist in soils. Glyphosate’s main
degradation product, AMPA, had a low influence on trace element ex-
tractability and even decreased it. Thus, favouring the degradation of
glyphosate seems favourable. However, this cannot necessarily be ex-
tended to other pesticides and their degradation products. Unlike pesti-
cides, degradation products are not directly applied but are gradually
produced within the soil profile, resulting in lower concentrations than
the active substances.

Regarding the influence of pesticide concentrations, one might expect
that increasing the concentration of the active substance would consist-
ently amplify its effects on trace element mobility, whether that means
increasing or decreasing trace element concentrations. While this was
observed for some elements, such as Cu, it was not always the case. For
glyphosate, both in extractability experiments and greenhouse experi-
ments, in both soil solutions and plants, trace element extractability
could be higher with a lower concentration. This was explained by the
fact that glyphosate possesses charges, both positive and negative, and
can thus form bridges and potentially increase soil sorption capacity.
The equilibrium between glyphosate mediated solubilization and sorp-
tion capacity could thus lean more or less on one way or the other. For
tebuconazole, though such trends were observed for elements like Pb
and Cd, the influence of the concentration is unclear across the studied
range, maybe because of a saturation of the effect. Testing lower con-
centrations could provide more insights. It also points out that tebucon-
azole might have an even stronger impact on trace element mobility
than glyphosate. In the future, testing pesticide concentrations that are
too similar is to be discouraged and either stronger differences should




be considered or a reduction in the diversity of the concentrations could
serve to study other parameters. Finally, though the pH variations be-
tween control and pesticide modalities was not necessarily correlated
with the influences on trace element mobility. An influence of the acid-
ification cannot be fully excluded such as a role of the difference of
ionic force of the extracting solutions, it would be interesting to perform
experiments that break free from these constraints.

9.3. Influence of pesticide application on the transfer to
plants

Since plant consumption is among the main sources of exposure to trace
elements, studying the dynamics of trace elements in soil solutions
alone is not enough in an environmental or health perspective. Indeed,
the diversity of mechanisms that occur between the soil and the edible
parts of plants can either promote or inhibit the transfer of certain ele-
ments (Arbalestrie et al. 2022). Our greenhouse experiment showed
contrasted results depending on the soil considered. Indeed, in three un-
contaminated soils, glyphosate mostly increased the plant uptake of
trace elements, while this effect diminished with the contamination gra-
dient, up to a mostly negative influence on plant uptake of trace ele-
ments in the highly contaminated soil. Although it is difficult to gener-
alize trends for all trace elements, this shows that the greatest risk oc-
curs in uncontaminated soils, meaning low additional impact for human
health and the absence of risk associated with edible plants in contami-
nated contexts. Interestingly, different trends occurred in the naturally-
enriched soil between soil solution (negative effect) and plants (positive
effect). It confirms that soil solution cannot be considered as the bioa-
vailable fraction.

Other organic substances, such as EDTA or citric acid, have been
shown to increase plant uptake of trace elements in contaminated soils,




suggesting that other pesticides than glyphosate might have a similar
effect. Since glyphosate was sprayed before the culture and still influ-
ences trace element transfer after spraying, other pesticides that are di-
rectly applied to the crop as fungicides (e.g., tebuconazole) might have
an even greater impact. Therefore, there is a need to test the influence
of such molecules on soil-plant transfer of trace elements. Additionally,
field experiments are required to validate our observations, especially
to measure trace element content in the edible parts (i.e., grains for Po-
aceae or root vegetables for carrots, turnips, potatoes, or beets).

9.4. Implications for the agroecosystems

In agricultural soils, pesticides may coexist over the long term as resi-
dues, and our findings indicate that both glyphosate and tebuconazole
can influence trace element mobility. Both these pesticides were shown
to be commonly present in European agricultural soils (Silva et al.
2019), raising the risk of potential addition of available trace element
to plants or natural waters. Having considered only two molecules in
this thesis, we have a partial view of the effects produced on trace ele-
ments released to the environment. Yet, we can suspect wider environ-
mental consequences if we consider all the pesticide residues present in
agricultural soils. Our results also show that such risks may exist
through additive effects and, in some cases, even synergistic effects,
particularly in the most anthropogenically contaminated soils where
trace elements were highly mobile. However, in most cases, the com-
bined effects of both pesticides were less than additive, suggesting com-
petition processes for the elements or inter neutralization. Although the
addition of tebuconazole has sometimes more than neutralized the
glyphosate effect on trace element mobility, it cannot be considered that
co-occurrence of pesticides would not increase or even decrease the




risks. Consequently, one should be cautious before using a wide diver-
sity of pesticides.

The addition of organic matter, either as solid compost (exogenous or-
ganic matter) or as liquid compost extract (resulting from the decompo-
sition process), was considered to evaluate its potential role to counter-
act the effects of pesticides on trace element mobility, while also serv-
ing as a method for carbon storage in soil. Indeed, solid organic matter
is known for its sorption capacity, while dissolved organic matter might
compete with pesticides for trace elements binding as well as serve as
a potential transfer vector after sorption. Contrasting behaviours were
evidenced, from positive to negative effect on trace element transfer
with increasing contamination gradient and trace element mobility.
This could be attributed to contradictory effects: compost may release
trace elements of its own composition, but also release chelating or-
ganic compounds that can favour trace element solubilization. Thus,
addition of compost could be useful in contaminated soils to mitigate
the effect of pesticides on trace element transfer, although this effect is
less pronounced in these soils. Nevertheless, the potential introduction
of additional trace elements through compost must be considered. In
plants, the effect of compost was more element-dependent with lower
intensity compared to observations performed in solutions. It is thus
difficult to promote the use of compost as a general mean to decrease
trace element mobility. In parallel, compost extract consistently dimin-
ished the transfer of less mobile elements (e.g., Ti or Cr), while favour-
ing the mobilisation of Cd, Mn, Ni or Cu. Quantifying these effects,
DOM cannot be considered to effectively counteract the increase in
trace element mobility induced by pesticides. The main methodological
difficulty of this investigation, however, lies in the pool of trace ele-
ments released from the DOM, limiting to accurately assess the role of
DOM. Thus, the addition of organic matter that produces large amounts
of DOM could increase the risk of trace element exposure, even more




so if DOM is added directly. In the end, it seems that there is an im-
portant case dependence regarding the influence of added organic com-
post that prevents this work of giving categorical advices.

Although pesticides had the ability to increase the presence of harmful
trace elements in soil solution, the risk for the hydrosystem remains un-
clear. If the distance between the soil and the water table is important,
there is a high probability that trace elements will be re-adsorbed. How-
ever, in lowland soils, particularly those prone to flooding, the risk for
the hydrosystem may approach the risk for plants, especially in the con-
text of growing pressure on water bodies. One should add that, beyond
the human toxicity perspective that was mainly adopted, the influence
of pesticides on the trace element uptake by soil fauna (including mi-
croorganisms) remains unclear and could lead to an increased toxicity
for this environment.




10. Conclusions et perspectives

10.1. Conclusion

In the context of widespread contamination by pesticides and trace
elements, along with increasing pressure on soils, this study aimed to
enhance understanding of how pesticides affect trace element mobility
in agroecosystems, particularly focusing on their transfer from soil to
soil solution and to plant, which in turn could increase human exposure.

The findings indicate that both glyphosate and tebuconazole can either
increase or decrease trace element mobility in soil solutions, depending
on the contamination context. It was also demonstrated that the relation
between pesticide concentration and effect may not be monotonic, as
low concentrations of pesticides could lead to increased solubilisation
of trace elements.

Furthermore, the use of glyphosate was shown to increase or decrease

plant uptake of trace elements, even when applied before sowing. This
suggests that application of pesticides on cultures in place, like
tebuconazole or glyphosate (on resistant crops), thus resulting in
peaking concentrations during the growing season, might influence
trace element mobility to an even greater extent, thereby increasing
risks.

Additionally, the combined effect of multiple pesticides was observed,
with a higher level of anthropogenic contamination generally reducing
the impact of pesticides on most trace elements. Elements such as Pb,
Cd, As, and Cu were identified as especially concerning in the presence
of pesticides if their toxicity is taken in consideration.

The study also evaluated the ability of organic matter to mitigate
increased trace element exposure under pesticide influence. While




organic matter can reduce trace element transfer in contaminated soils,
it may inadvertently increase human exposure in soils with lower levels
of mobile trace elements, particularly when more dissolved organic
matter is released. Therefore, the impact of pesticides on trace element
mobility should be more thoroughly studied in order to evaluate if it
should also be considered in environmental assessments.

10.2. Perspectives

In the present study, only two pesticides were examined, with only one
being investigated for soil-plant transfer. There is a clear need to expand
this research to encompass a broader range of pesticides. Therefore, the
produced dataset (extraction experiments) could be amended with other
pesticides to establish links between pesticide characteristics and
effects. This could be associated with a study based on digital
simulations of pesticide-trace element interactions based on the
structure of the pesticides. In parallel, a validation of the mechanisms
of pesticide-trace element interactions (and also the competition
between pesticides for ligands) should be carried out using extended X-
ray absorption fine structure. One should also study their impact on
trace element uptake by plants.

Additionally, it is essential to take the structure of the soil in
consideration by performing experiments on undisturbed soil columns.
After, there is a need to conduct field experiments to better understand
how these pesticides are transferred to hydrosystems and how real
environmental conditions (rain, temperature, etc.) influence trace
element transfers. Extending these studies through the full crop cycle
will also provide insights into how pesticide use affects the distribution
of trace elements within plants, considering that edible plant parts often
represent only a portion of the aerial biomass and that pesticides are not
uniformly distributed within the plant. Moreover, diverse array of plant




species should be studied, including root vegetables such as turnips,
carrots or potatoes, as the barriers to trace element transfer from soil to
roots are fewer than those from roots to aerial parts implying different
mechanisms.

If, in this study, transfer to plants and hydrosystem are mainly tackled
with a background of human contamination, the influence of pesticide-
trace element interactions on soil health and transfer to other critical
compartments, such as microorganisms, should be studied. In this
environmental perspective, an approach less based on the transfer but
more on the joined ecotoxycology of pesticides and trace elements
would be an interesting way.

Lastly, given the wide variety of trace element contamination contexts,
ranging in magnitude and sources of contamination, but also including
natural enrichments that are strongly influenced by the parent material,
it is crucial to recognize the unique characteristics of each soil type.
This should be linked with a thorough study of the speciation of the
elements in the soils through, for example, sequential extractions.
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Annexe 1. Map of the soils of the study sites, soil
types.
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Annexes

Annexe 2. Summary of the modalities and soils

¥

Extractability experiments

Modality code

Colour

Composition
code P

Control

Milli-Q water

Single modalities

Gly,;0oDOC\ g

GlyF,4,DOC, 4

Greenhouse experiments

Standard glyphosate 20 mg L™!
Standard glyphosate 100 mg L !

Formulated glyphosate 100 mg L!

Standard aminomethylphosphonic acid (AMPA)
100 mg 1!

Standard tebuconazole 10 mg L™

Formulated tebuconazole 2 mg L™!

Formulated tebuconazole 10 mg L'!
Formulated tebuconazole 100 mg L}
Green waste compost extract (<0.45 pum) 100

mgpoe L7

Standard tebuconazole 10 mg L' and Standard
glyphosate 100 mg L!

Standard glyphosate 100 mg L' in Green waste
compost extract (<0.45 um) 100 mg;,- L}
Formulated glyphosate 100 mg L™ in Green waste
compost extract (<0.45 um) 100 mgyo- L!
Standard AMPA 100 mg L! in Green waste
compost extract (<0.45 um) 100 mgpoe L!

Modality code Colour Modalities
code
Control No glyphosate application
Max Glyphosate application at about 3.6 kg ha™!
3Max Glyphosate application at about 10.8 kg ha !
IMax & OM Glyphosate application at about 10.8 kg ha™! and
green waste compost at about 35 t ha™!
Soils
;i 5 Nm?,:“ Soil Colour | Contamination
A s x
T Vieusart Uncontaminated
Moderately
contaminated
Bressoux Highly
g o furennor contaminated
o e Naturally-
0 20 40 6 8 e ot enriched

TSN TN
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Annexe 3. ICP-MS — Isotopes measured.

Element Isotope Mode of analysis
Ti 47 KED
Vv 51 KED
Cr 52 KED
Mn 55 KED
Co 59 KED
Ni 60 KED
Cu 65 KED
Zn 66 KED
As 75 KED
Mo 95 STD
Cd 114 STD
Sn 120 STD
Sh 121 STD
Ba 135 STD
Pb 208 STD

STD = Standard

KED = Kinetic Energy Discrimination




Annexe 4. Analytical method for glyphosate and
AMPA.

1. Chemical analysis

This procedure describes the analytical method used for the extraction,
derivatization, purification and quantification of glyphosate and its me-
tabolite (AMPA) by HPLC-FLD in waters.

After filtration, glyphosate and its metabolite (AMPA) are derivatized
using Fmoc to reduce their polarity and achieve retention on reversed-
phase columns. After derivatization, excess Fmoc is removed by liquid-
liquid extraction with DCM, ether or ethyl acetate. The sample can be
purified and concentrated if necessary by SPE (solid phase extraction).

The presence of divalent cations such as Ca, Cu, Fe or Zn (concentra-
tion greater than 3M) can lead to an underestimation of glyphosate. To
avoid this phenomenon, the addition of EDTA is recommended.

Glyphosate AMPA Glufosinate
(o]
I 0
(HO) P/\\ H HsN P HO_,E
N == | “NoH / OH
OH NH




Annexes

CH3
\
/N (o}
borate buffer CHz ’

IRG '
\ - £
/ pH=Y P=0
Wo OH / \ + HCI
ng OH
GLY FMOC-CI

GLY-FMOC

NH, Ct)Lo N)Lo
7
H,
CHa,, R CH
Ho/ \om +

™
P—0
borate buffer / \
<_LpH=‘J HO OH
¥ HCl

AMPA-FMOC

FMOC-C1

2. Conservation

Derivatized samples can remain 48 hours on the HPLC chain without
loss of signal.

3. Materials

- HPLC-FLD
- Amber vials

4. Reactifs

- EDTA-Naz

- Acetonitrile (ACN) HPLC grade

- Methanole (MeOH) HPLC grade

- Dichloromethane / Ether / ethyl acetate

- Disodium hydrogen phosphate (NazHPOa4)
- Ortho-phosphoric acid

- Natriazide (NaNs)

- Standard glyphosate
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5.

Standard AMPA

Fmoc chloride derivatization grade
Boric acid

KCI

NaOH

Borate buffer pH 9 : Weigh 3.1 g of boric acid (H3zBOs), 3.75
g of KCI and 0.8 g of NaOH, dissolve in 80 ml of water, adjust
the pH to 9 with NaOH 1M adjust the volume to 100 ml.
EDTA solution 10g/l, pH 9: Dissoudre 100 mg de EDTA Naz
dans 9ml d’eau. Ajuster le pH a 9 a I’aide de KOH ou de NOH
Borate buffer pH 9 + EDTA : To 12,5 ml of borate buffer, add
1 ml of EDTA solution

Fmoc (200ppm) : Weigh 10 mg of Fmoc and dissolve in 50 ml
of ACN

Stock standard solution (100ppm) : Weigh 10 mg of Glypho-
sate and AMPA in a 100 ml gauged balloon with a mixture of
H>O/MeOH 75 :25.

Stock standard solution (1000ppb) : Dilute 100x the 100 ppm
solution in a mixture of H20/MeOH 75 :25

Elutant A —Phosphate buffer 10 mM pH 7 : Dissolve 1,152
g of H3POg4 (85 %) in 900 ml of Milli-Q water. Adjust to pH 7
with NaOH 50%. Add 50 mg of NaN3 to avoid bacteria devel-
opments, complete to reach 1 L and filter on a 0.22 um mem-
brane.

Elutant B : Acetonitrile 450 ml, Methanol 450 ml, H20 100 ml.
Filter on a 0.22 um membrane

Sampling and procedure

Derivatization by Fmoc (teneur attendue entre 2 — 10 ppb)

In a 2 ml eppendorf collect 1 ml of sample
Add 100 pl of borate buffer/EDTA/ pH9
Ajouter 200 pl de solution Fmoc




Homogenise and let react at room temperature but protected from
light for at least 45 min.
Filter and transfer in an amber HPLC vial

6. HPLC

Calibration curve ou point 5ppb :

Prepare the following dilutions in HPLC vials, dilute 100x the stock
solution 1000ppb, 100 ul of 1000 ppb stock in 10 ml of Milli-Q

water
Conc | Standard | H20 Tampon bo- | Fmoc
10 ppb mQ rate/EDTA/ 100ppm
pH9

BI- - 1000 pl | 100 pl 200 pl
Fmoc

0.1 10 pl 990 pl 100 pl 200 pl
ppb

0.5 50 pl 950 pl | 200 pl 200 pl
ppb

1ppb | 100 pl 900 pl 100 pl 200 pl
2 ppb | 200 pl 800 pl 100 pl 200 pl
5ppb | 500 pl 500 pl 100 pl 200 pl
10 ppb | 1000 pl - 100 pl 200 pl

- Let derivatise for 45 min protected from light before injecting




HPLC analysis

- Column: Merck Lichrocart C18 150 X 4.6mm - 5um

- Oven 35°C

- Flow : 1 ml/min

- Elution (gradient): start with 30% of B for 1 min, then increase to
100% de B a 10 min. Stay at 100% of B for 3 min, before re-de-
scending to initial conditions in 2 min and equilibrating the col-
umn for 5 min.

- FLD detector: excitation at 260 nm and emission at 310 nm — Gain
of 12

- Injected volume : 50 pl

400
Glyphosate / Ampa 50 ppb

350

300
'3‘ 250
= Ampa
-; 200 6,524 min
=
@
€ 150

100

Glypho
50 4,995 min L—k‘_—jk

0 1 2 3 4 5 6 T 8 9 10 11 12 13 14 15
Tps (min)

Chromatogram : Glyphosate and AMPA in FLD for a standard solu-
tion at 50 ppb (without Fmoc elimination)
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des résidus (Glypho) des résidus (Ampa)
0,2 0,5 -
23 * .
‘gl—\
S . IS .§ 0
2 0 ‘ ‘ ! 2 ) ¢ 500 1000
3 100 200 300 e -0,5 - .
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0 100 200 300 0 500 1000
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7. Calculation and expression of results

- Concentration values are calculated on the calibration curve. The
results are expressed in pg L.




Annexe 5. Trace element content in the compost.

Trace element content
Element 1

(mg kg™)
Ti 1030
\Y/ 23.4
Cr 25.1
Mn 376
Co 11.5
Ni 10.4
Cu 28.1
Zn 168
As 4.14
Mo 1.89
Cd 0.628
Sn 2.08
Sh 0.773
Ba 166
Pb 36.0




Annexes

Annexe 6. Raw data — chapter |.

Table 1 Mean trace element extractabilities (n=3) across soils for the control, Glyzo, Glyigo, GlyF100 and AMPA100 modal-
ities.
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Mean extractability of trace element (pg/g soil)

Soil Modality | Ti \Y Cr Mn Co Ni Cu Zn As Mo cd sn Sh Ba Pb
Control 353E0-1 | 566E-02 | 4,11E-02 | 131E-01 | 4,39E-03 |259E-02 |7,29E-02 |505E-01 |1,34E-02 |671E-03 |521E-04 |100E-03 |295E-03 | 6,75E-01 | 1,04E-02
Gly20 261E+00 | 3,36E-01 |291E-01 | 9,26E-01 | 2,83E-02 |113E-01 |1,30E-01 |497E-0L |532E-02 |B90E-03 |156E-03 |869E-03 |618E-03 | 542E-01 | 7,14E-02
Vieusart | Gly100 711E-01 | 1,13E-01 | 804E-02 |287E-01 | 820E-03 |484E-02 | 143E-01 | 165E+00 |4,09E-02 | 7,37E-03 |7,06E-04 |307E-03 | 4,16E-03 |102E+00 | 192E-02
GIyF100  |516E-01 | 871E-02 |534E-02 | 189E-01 |569E-03 | 4,45E-02 | 171E-01 |200E+00 | 448E-02 | 9,74E-03 |B891E-04 | 7,38E-03 |4,04E-03 | 164E+00 | 1,28E-02
AMPA100 |214E-0L | 491E-02 |235E-02 | 1830E-01 | 284E-03 |293E-02 |7,96E-02 |141E-0L |3,02E-02 |749E-03 |500E-04 |265E-04 |330E-03 | 1,03E-01 | 7,22E-03
Control 619E-01 | 146E-01 |697E-02 | 2,61E-01 | 9,33E-03 |665E-02 |2,66E-01 |98lE-0L |118E-01 |546E-02 |295E-03 |124E-02 |279E-02 | 2,68E-01 | 9,43E-02
Gly20 1,26E+00 | 2,42E-01 | 150E-01 | 6,25E-0L | 2,00E-02 |1,24E-01 |487E-01 |200E+00 | 164E-01 | 675E-02 |591E-03 | 2,85E-02 |336E-02 |534E-01 |2,21E-01
\S/\jl;?lt)trge Gly100 432E-01 | 147E-0L | 483E-02 |256E-01 | 745E-03 |853E-02 | 1,13E+00 | 139E+00 |1,73E-01 | 555E-02 |431E-03 |839E-03 | 3,27E-02 |265E-01 | 8,16E-02
GIyF100  |515E-01 | 154E-01 |576E-02 | 2,62E-01 |890E-03 | 1,06E-0L | 127E+00 |153E+00 | 193E-01 | 528E-02 |541E-03 | 107E-02 |3,06E-02 |2,77E-01 |09,10E-02
AMPAL100 |4,18E-0L | 144E-01 |436E-02 | 199E-01 | 6,20E-03 |539E-02 |2,56E-01 |7,12E-0L |184E-01 |567E-02 |250E-03 |7,18E-03 |3,10E-02 | 2,57E-01 | 6,50E-02
Control 225E-01 | 1,326-01 | 251E-02 |386E-0L | 679E-03 |4,74E-02 |481E-0L | 229E+00 |164E-01 | 221E-02 |428E-03 |154E-02 | 7,57E-02 |108E+00 | 2,61E-01
Gly20 264E-0L | 1,33E-01 |423E-02 | 4,86E-01 | 842E-03 |592E-02 |1,25E+00 |214E+00 | 1,75E-01 |272E-02 |555E-03 |169E-02 |7,22E-02 | 2,87E-01 | 3,58E-01
Bressoux | Gly100 214E-01 | 1,35E-01 |228E-02 | 3,62E-01 | 6,00E-03 |660E-02 |4,0lE+00 |50LE+00 | 2,23E-01 |206E-02 |549E-03 |1,39E-02 |737E-02 | 890E-01 |2,52E-01
GIyF100  |347E-01 | 161E-01 |352E-02 | 520E-01 |904E-03 |B893E-02 | 494E+00 |G600E+00 | 2,56E-01 | 227E-02 |7,13E-03 | 2,656-02 |7,74E-02 | 168E+00 | 3,72E-01
AMPA100 |215E-01 | 1,38E-01 |247E-02 | 3,76E-01 | 6,84E-03 |526E-02 |4,97E-01 |165E+00 | 2,44E-01 |212E-02 |453E-03 |1,36E-02 |749E-02 | 2,52E-01 | 2,71E-01
Control 528E-01 | 374E-0L | 150E-01 |38lE+00 | 2,36E-02 |102E-01 |357E-02 | 226E-01 |6,23E-02 | 879E-03 |222E-04 |166E-03 | 1,26E-03 |105E-01 | 4,63E-02
Gly20 848E-01 | 6,02E-0L | 243E-01 |6,76E+00 | 4,20E-02 | 166E-01 | 4,19E-02 | 353E-01 |103E-0L | 1,34E-02 |G645E-04 |449E-03 | 2,50E-03 |179E-01 | 9,49E-02
Aubange | Gly100 406E-0L | 2,88E-01 |1,13E-01 | 310E+00 | 193E-02 |B846E-02 | 4,05E-02 |246E-0L |7,01E-02 |164E-02 |198E-04 |140E-03 |153E-03 | 887E-02 |3,73E-02
GlyF100 655E-01 | 475E-0L | 187E-01 |513E+00 |3,12E-02 |134E-01 | 508E-02 | 288E-01 |107E-0L | 240E-02 |3,17E-04 |218E-03 | 1,77E-03 | 130E-01 | 6,03E-02
AMPAL00  |396E-0L | 2,51E-01 |9,88E-02 | 2,57E+00 | 165E-02 |733E-02 |4,00E-02 |196E-0L |6,71E-02 |1728E-02 |256E-04 |985E-04 |126E-03 | 873E-02 | 3,32E-02




Table 2 Standard deviations of trace element extractabilities (n=3) across soils for the control, Gly2o, Gly100, GlyF100 and
AMPA100 modalities.

Standard deviation of the extractability of trace element (ug/g soil)
Soil Modality Ti \% Cr Mn Co Ni Cu Zn As Mo Cd Sn Sb Ba Pb
Control 8,97E-02 |9,41E-03 |1,00E-02 |3,31E-02 |9,79E-04 |6,28E-03 |2,04E-03 |2,22E-01 |1,34E-03 |1,02E-03 3,48E-04 5,36E-04 3,05E-04 |4,74E-01 |4,46E-03
Gly20 6,48E-01 |7,62E-02 |6,97E-02 1,99E-01 |6,64E-03 2,16E-02 |1,70E-02 2,58E-02 |1,04E-02 2,97E-04 |2,73E-04 |1,98E-03 5,58E-04 |1,20E-01 |1,47E-02
Vieusart Gly100 2,97E-01 |3,72E-02 |3,25E-02 |7,30E-02 |2,79E-03 |9,29E-03 |1,14E-02 |1,26E+00 |7,30E-03 |8,07E-04 '1,34E-04 2,19E-03 |7,23E-05 |8,24E-01 |7,00E-03
GlyF100 1,31E-01 |1,34E-02 |1,12E-02 |2,95E-02 |1,06E-03 |5,21E-03 4,63E-03 |1,61E+00 |3,93E-03 1,02E-03 2,07E-04 6,74E-03 |2,50E-04 |1,30E+00 |2,29E-03
AMPA100 4,68E-02 3,96E-03 |2,96E-03 |7,49E-03 |1,45E-04 |5,27E-03 6,37E-03 |1,82E-03 |1,44E-03 |1,30E-04 1,80E-05 2,06E-04 |1,07E-04 7,34E-03 |1,06E-03
Control 2,43E-02 |6,09E-03 |3,30E-03 '1,29E-02 |3,00E-04 2,12E-03 5,85E-03 2,77E-02 |1,63E-03 1,25E-03 |9,65E-05 |6,57E-04 4,24E-04 |7,42E-03 |3,84E-03
Gly20 1,75E-01 |2,25E-02 |1,72E-02 5,98E-02 |2,44E-03 |1,15E-02 |1,25E-02 '1,92E-01 |8,01E-03 6,38E-03 |3,85E-04 |4,04E-03 1,93E-03 4,86E-02 |2,62E-02
Sainte-Walburge |Gly100 3,72E-02 |1,80E-03 |3,44E-03 6,28E-03 |4,91E-04 3,86E-04 '1,20E-02 1,81E-02 |3,76E-03 6,69E-04 4,38E-05 |9,08E-05 5,50E-05 2,49E-03 |2,46E-03
GlyF100 2,35E-02 |3,05E-03 |5,99E-03 1,43E-02 |546E-04 3,82E-03 1,65E-02 5,91E-02 |6,12E-03 2,23E-04 |1,73E-04 |1,07E-03 9,18E-04 |1,30E-02 |4,71E-03
AMPA100 7,01E-02 |1,05E-02 |7,60E-03 |2,75E-02 |9,71E-04 |6,73E-03 |9,17E-03 |1,34E-01 |3,02E-03 |8,16E-04 4,79E-04 |1,45E-03 |8,22E-04 |3,87E-02 |1,13E-02
Control 4,51E-02 |1,02E-02 3,32E-03 7,63E-02 1,13E-03 |2,91E-03 |1,56E-02 |7,77E-01 |1,13E-02 '1,33E-03 4,07E-04 |2,80E-03 6,71E-03 |7,76E-01 |3,57E-02
Gly20 7,35E-02 |1,50E-02 |2,04E-02 7,52E-02 |1,20E-03 6,82E-03 |1,01E-01 2,32E-01 |2,53E-03 |1,56E-03 |2,11E-04 |3,76E-03 '7,69E-03 |2,38E-02 |3,85E-02
Bressoux Gly100 7,27E-02 |1,03E-02 7,53E-03 |1,16E-01 '1,71E-03 5,53E-03 |9,25E-02 |1,14E+00 '1,09E-02 1,07E-03 5,59E-04 4,84E-03 |2,61E-03 |5,61E-01 7,33E-02
GlyF100 1,28E-01 |2,28E-02 |9,64E-03 |1,43E-01 2,41E-03 |7,11E-03 |9,83E-02 |1,25E+00 3,07E-02 |1,97E-03 8,37E-04 1,09E-02 |5,14E-03 |1,25E+00 |8,23E-02
AMPA100 9,30E-03 |3,08E-03 |1,29E-03 5,44E-03 |3,79E-04 2,46E-03 9,00E-03 2,85E-02 |4,35E-03 |1,63E-04 |1,58E-04 8,40E-04 1,28E-03 3,86E-03 |5,70E-03
Control 6,32E-02 |3,96E-02 |1,65E-02 4,63E-01 |2,85E-03 1,08E-02 '1,43E-03 2,83E-02 |7,71E-03 1,98E-04 |1,67E-05 |2,82E-04 2,13E-05 9,46E-03 |5,29E-03
Gly20 5,89E-02 |5,45E-02 |1,59E-02 7,06E-01 |3,96E-03 1,30E-02 4,06E-03 1,34E-02 |1,28E-02 3,45E-04 9,42E-05 3,61E-04 1,41E-04 2,02E-02 |5,36E-03
Aubange Gly100 2,79E-02 |3,01E-02 |1,35E-02 1,01E-01 |7,81E-04 8,52E-03 |1,08E-03 8,23E-03 |2,60E-03 9,14E-04 |5,09E-06 2,75E-04 4,53E-05 2,36E-03 |7,62E-04
GlyF100 2,64E-02 |3,72E-02 |1,59E-02 |3,71E-01 |1,98E-03 |1,02E-02 |2,47E-04 3,28E-02 |5,36E-03 |1,15E-04 3,48E-05 1,59E-04 6,07E-05 |7,85E-03 |4,62E-03
AMPA100 1,58E-01| 9,70E-02| 4,00E-02| 1,04E+00  6,40E-03| 2,57E-02| 4,32E-03 2,90E-02| 1,43E-02| 4,21E-04| 2,79E-05 5,76E-04| 8,29E-05 2,14E-02 1,23E-02




Annexe 7. Raw data — chapter I1.

Table 1 Mean trace elements concentrations in soil solutions (23/08/2022, n=3) across soils for the Control, Max, 3Max
and 3Max & MO modalities.

Mean trace element concentration in soil solution (ug/L)

Soil Modality Ti \Y Cr Mn Co Ni Cu Zn As Mo Cd Sn Sb Ba Pb
Control 529E-01 | 2,85E+01 | 8,82E-01 | 3,73E+01 | 541E+00 | 1,65E+01 | 6,77E+00 | 3,22E+02 | 6,28E+00 | 1,90E+00 | 505E-01 | 1,08E-01 | 5,50E-01 | 8,15E+02 | 7,93E-02
. Max 1,04E+00 | 3,14E+01 | 1,18E+00 |3,25E+02 | 1,70E+01 | 3,80E+01 | 8,69E+00 | 1,92E+03 | 9,92E+00 | 2,34E+01 | 1,25E+00 | 1,03E-01 | 5,23E-01 | 1,06E+03 | 2,45E-01
Vieusart 3Max 7,81E-01 | 3,11E+01 | 8,77E-01 | 3,55E+01 | 9,18E+00 | 2,38E+01 | 7,27E+00 | 1,13E+03 | 7,13E+00 | 1,28E+01 | 5,44E-01 | 7,92E-02 | 4,53E-01 | 5,02E+02 | 1,49E-01

3Max & MO 1,21E+00 | 3,15E+01 | 1,08E+00 | 2,30E+02 | 1,00E+01 | 3,14E+01 | 1,20E+01 | 4,21E+02 | 7,57E+00 | 2,50E+01 | 8,05E-01 | 1,97E-01 | 547E-01 | 9,35E+02 | 3,83E-01

Control 1,45E+00 | 1,00E+01 | 1,77E+00 | 6,98E+02 | 1,63E+01 | 6,14E+01 | 3,31E+01 | 1,39E+03 | 1,64E+01 | 6,34E+01 | 9,47E+00 | 2,03E-01 | 4,08E+00 | 2,52E+03 | 3,96E+00

Max 1,99E+00 | 1,22E+01 | 1,34E+00 | 2,06E+03 | 3,97E+01 | 9,95E+01 | 4,13E+01 | 3,34E+03 | 2,40E+01 | 151E+02 | 1,35E+01 | 2,02E-01 | 4,08E+00 | 2,64E+03 | 556E+00
Sainte-Walburge

3Max 2,22E+00 | 1,51E+01 | 1,76E+00 | 2,41E+03 | 4,76E+01 | 1,10E+02 | 4,74E+01 | 3,52E+03 | 353E+01 | 2,02E+02 | 1,27E+01 | 1,54E-01 | 4,16E+00 | 2,33E+03 | 5,01E+00

3Max & MO 1,69E+00 | 1,35E+01 | 1,69E+00 | 2,21E+03 | 2,61E+01 | 7,40E+01 |540E+01 | 1,44E+03 | 2,05E+01 | 2,45E+02 | 1,21E+01 | 1,14E-01 | 4,52E+00 | 3,21E+03 | 5,39E+00

Control 1,36E+00 | 1,39E+01 | 1,15E+00 | 2,19E+02 | 1,02E+01 | 7,87E+01 |5,39E+01 | 512E+03 | 2,29E+01 | 1,26E+02 | 1,81E+01 | 1,08E-01 | 1,10E+01 | 9,79E+02 | 6,35E+00
Max 8,19E-01 | 1,35E+01 | 7,57E-01 | 1,02E+02 | 4,10E+00 | 4,16E+01 | 455E+01 | 4,58E+03 | 1,88E+01 | 1,21E+02 | 1,33E+01 | 9,91E-02 | 1,17E+01 | 1,53E+03 | 5,48E+00
Bressoux 3Max 1,36E+00 | 1,58E+01 | 1,53E+00 | 2,29E+02 | 1,61E+01 | 9,75E+01 | 7,52E+01 | 587E+03 | 2,93E+01 | 2,46E+02 | 1,88E+01 | 7,65E-02 | 1,18E+01 | 7,02E+02 | 7,13E+00
3Max & MO 1,50E+00 | 1,44E+01 | 1,48E+00 | 1,43E+02 | 4,17E+00 | 4,74E+01 | 8,41E+01 | 3,32E+03 | 2,35E+01 | 2,20E+02 | 1,24E+01 | 9,52E-02 | 1,09E+01 | 1,31E+03 | 5,30E+00
Control 1,61E+00 | 2,29E+00 | 7,09E-01 | 1,99E+01 | 8,07E+00 | 2,53E+01 | 1,69E+00 | 1,45E+03 | 2,63E+00 | 1,74E+02 | 9,12E-02 | 7,20E-02 | 1,10E-01 | 7,82E+01 | 5,95E-02
Max 3,81E-01 | 1,78E+00 | 6,47E-01 | 2,15E+01 | 1,54E+01 | 4,47E+01 | 1,45E+00 | 535E+02 | 1,59E+00 | 1,62E+02 | 7,14E-02 | 4,01E-02 | 8,44E-02 | 1,10E+02 | 1,49E-02
Aubange 3Max 3,00E-01 | 1,21E+00 | 3,96E-01 | 7,35E+00 | 3,99E+00 | 1,14E+01 |8,38E-01 | 1,30E+03 | 8,40E-01 | 584E+01 | 3,36E-02 | 2,90E-02 | 7,46E-02 | 6,88E+01 | 1,62E-02

3Max & MO 3,68E-01 | 1,67E+00 | 6,06E-01 | 1,65E+01 | 6,92E+00 | 2,41E+01 | 2,05E+00 | 1,17E+03 | 1,43E+00 | 1,01E+02 |7,31E-02 |556E-02 | 9,72E-02 | 9,92E+01 | 2,50E-02
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Annexes

Table 2 Standard deviation of trace elements concentrations in soil solutions (23/08/2022, n=3) across soils for the Con-
trol, Max, 3Max and 3Max & MO modalities.

Standard deviation of the trace element concentration in soil solution (ug/L)

Soil Modality Ti \% Cr Mn Co Ni Cu Zn As Mo Cd Sn Sb Ba Pb
Control 9,38E-02 |1,05E+00 |9,11E-02 | 2,12E+01 |1,69E+00 | 1,58E+00 |6,78E-01 |3,02E+02 |1,42E+00 |6,97E-02 |1,83E-01 |1,78E-03 |3,84E-02 |4,16E+02 |1,45E-03
X Max 3,28E-01 | 3,73E+00 |2,62E-01 |2,32E+02 4,76E+00 |9,74E+00 |1,32E+00 2,41E+03 4,38E+00 |6,71E+00 |4,45E-01 |6,21E-02 |5,24E-02 2,54E+02 9,55E-02
Vieusart 3Max 3,12E-02 | 3,42E+00 |1,35E-01 | 3,61E+01 |7,23E+00 |1,64E+01 1,15E+00 ' 1,12E+03 |2,00E+00 7,09E+00 |3,24E-01 |1,87E-02 |7,33E-03 |154E+02 |1,35E-01
3Max & MO 550E-01 |1,82E+00 |1,35E-01 2,62E+02 |197E+00 6,76E-01 |140E+00 |2,80E+02 |1,70E+00 |1,23E+01 |2,30E-01 |1,10E-01 |1,00E-02 |4,34E+02 |9,41E-02
Control 4,29E-01 1,31E+00 |1,41E+00 |8,64E+02 |7,73E+00 |2,86E+01 4,99E+00 8,48E+02 |8,41E-01 |2,74E+01 |4,96E+00 9,10E-02 |1,06E-01 |9,57E+02  2,40E+00
. Max 6,31E-01 |1,58E+00 |4,06E-01 | 1,18E+03 |2,69E+01 |527E+01 |7,02E+00 |535E+02 |1,13E+01 |3,76E+01 |4,74E+00 |8,87E-02 |1,25E-01 |4,26E+02 | 2,69E+00
Sainte-Walburge 3Max 1,54E+00 |6,66E+00 |1,25E+00 | 2,94E+03 |532E+01 | 9,43E+01 |2,40E+01 |2,89E+03 |2,43E+01 |1,20E+02 |7,02E+00 |3,28E-02 |5,00E-01 |3,70E+02 4,73E+00
3Max & MO 1,81E-01 157E+00 |3,19E-02 |1,71E+02 |1,17E+01 |191E+01 1,43E+00 2,99E+02 |1,90E+00 |5,01E+01 |7,32E-02 3,21E-03 |8,24E-02 |6,71E+02 4,39E+00
Control 2,17E-01 |1,07E+00 |1,86E-01  1,06E+02 |1,41E+00 |1,13E+01 |548E+00 |1,60E+03 |4,79E+00 |2,46E+01 |4,74E+00 |1,68E-02 |1,53E-01 |3,88E+02 | 1,88E+00
Max 4,57E-02 |150E+00 8,82E-02 |7,91E+01 |2,03E+00 |1,64E+01 |4,57E-01 | 1,24E+03 |547E+00 |1,30E+01 |556E+00 |2,39E-02 |7,09E-01 |1,03E+03 | 2,29E+00
Bressoux 3Max 1,22E-01 | 8,59E-01 2,16E-01 |8,10E+01 |5,64E+00 |1,73E+01 |9,57E+00 1,30E+03 |1,17E+01 3,83E+01 |3,36E+00 8,48E-03 |6,43E-01 2,44E+02 |2,08E+00
3Max & MO 3,68E-01 |6,92E-01 |6,03E-01  1,06E+02 |3,18E+00 | 2,56E+01 |1,36E+01 |1,21E+03 |1,06E+01 |8,05E+01 |4,21E+00 |1,95E-02 |6,01E-01 |545E+02 | 1,03E+00
Control 2,19E+00 | 6,18E-01 1,81E-01 |1,17E+01 |2,02E+00 |6,12E+00 |5,14E-01 1,81E+03 |7,20E-01 | 4,43E+01 |5/11E-02 |2,75E-02 |1,79E-02 |2,65E+01 | 8,59E-02
Max 4,66E-02 |6,73E-01 | 2,50E-01 |2,48E+00 |1,14E+01 |3,09E+01 |4,82E-01 | 3,88E+02 |7,40E-01 598E+01 |2,88E-02 |6,72E-03 |7,92E-03 |3,83E+01 |9,29E-03
Aubange 3Max 3,22E-02 |2,10E-01 |1,11E-02  3,55E+00 |151E+00 3,86E+00 |598E-02 |1,00E+03 |2,01E-01 |1,31E-01 |9,79E-03 |4,21E-03 |3,89E-04 |2,95E+01 |1,45E-02
3Max & MO 4,26E-02 |161E-01 | 9,72E-02 |9,39E+00 |851E-01 |3,98E+00 |1,47E-01 | 8,92E+02 |3,95E-01 | 3,85E+01 |2,41E-02 |598E-03 |513E-03 |2,85E+01 |1,69E-02
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Table 3 Mean trace elements contents in aerial parts of Triticum spelta (n=3) across soils for the Control, Max, 3Max and
3Max & MO modalities.

Mean trace element content in plants (mg/kg plant)

Soil Modality Ti \% Cr Mn Co Ni Cu Zn As Mo Cd Sn Sb Ba Pb
Control 6,95E-06 | 1,02E-07 | 7,08E-07 | 5,89E-05 | 5,17E-08 | 4,14E-05 | 7,78E-06 | 2,07E-05 | 1,13E-07 | 8,66E-07 | 2,10E-07 | 6,01E-08 | 2,23E-08 | 1,31E-05 | 4,05E-07
i Max 3,62E-05 | 2,30E-07 | 7,73E-07 | 5,47E-05 | 7,68E-08 | 3,61E-05 | 1,60E-05 | 2,87E-05 | 1,61E-07 | 1,34E-06 | 2,20E-07 | 1,02E-07 | 3,60E-08 | 1,56E-05 | 7,54E-07
Vieusart 3Max 8,73E-06 | 8,79E-08 | 3,77E-07 | 6,45E-05 | 4,37E-08 | 3,60E-05 | 1,06E-05 | 2,30E-05 | 1,43E-07 | 1,79E-06 | 1,84E-07 | 1,26E-07 | 1,02E-07 | 1,53E-05 | 3,33E-07
3Max & MO | 1,12E-05 | 1,66E-07 | 5,61E-07 | 5,70E-05 | 5,67E-08 | 3,64E-05 ' 8,53E-06 K 2,07E-05 | 1,54E-07 | 3,09E-06 | 1,88E-07 | 9,10E-08 | 5,26E-08 ' 1,78E-05 | 4,05E-07
Control 1,04E-05 | 1,58E-07 | 4,26E-07 | 5,93E-05 | 7,83E-08 | 2,14E-05 | 1,57E-05 | 7,31E-05 | 2,82E-07 | 2,60E-06 | 5,89E-07 | 7,52E-08 | 3,87E-08 | 2,04E-05 | 9,67E-07
) Max 2,71E-05 | 4,19E-07 | 6,72E-07 | 6,58E-05 | 1,72E-07 | 2,15E-05 | 1,67E-05 | 7,49E-05 | 5,06E-07 | 2,48E-06 | 6,22E-07 | 9,31E-08 | 4,25E-08 | 2,59E-05 | 1,15E-06
Sainte-Walbuirge 3Max 9,98E-06 | 1,38E-07 | 4,23E-07 | 5,66E-05 | 7,89E-08 | 2,41E-05 | 1,28E-05 | 5,64E-05 | 2,73E-07 | 2,16E-06 | 5,09E-07 | 5,24E-08 | 2,25E-08 | 1,83E-05 | 5,98E-07
3Max & MO | 6,25E-06 | 1,07E-07 | 4,00E-07 | 4,63E-05 | 9,06E-08 | 2,69E-05 ' 1,06E-05 K 4,98E-05  4,19E-07 | 4,20E-06 | 3,90E-07 | 4,39E-08 | 1,80E-08 ' 2,15E-05 | 3,85E-07
Control 1,04E-05 | 1,82E-07 | 6,28E-07 | 4,44E-05 | 5,27E-08 | 3,38E-05 | 1,47E-05 | 2,18E-04 | 5,49E-07 | 4,71E-06 | 1,30E-06 | 9,06E-08 | 3,52E-08 | 2,36E-05 | 1,03E-06
Max 5,562E-06 | 7,03E-08 | 2,99E-07 | 2,36E-05 | 2,75E-08 | 2,61E-05 | 1,10E-05 | 1,26E-04 | 3,24E-07 | 2,46E-06 | 7,09E-07 | 1,43E-07 | 1,06E-07 | 1,66E-05 | 3,99E-07
Bressoux 3Max 1,86E-06 | 5,45E-08 | 2,49E-07 | 3,83E-05 | 2,33E-08 | 2,62E-05 | 1,24E-05 | 1,50E-04 | 2,91E-07 | 2,51E-06 | 7,87E-07 | 8,50E-08 | 6,03E-08 | 1,02E-05 | 4,08E-07
3Max & MO | 5,80E-06 | 6,52E-08 | 3,11E-07 | 2,37E-05 | 2,38E-08 | 1,77E-05 ' 1,05E-05  1,36E-04 | 3,06E-07 | 3,14E-06 | 8,69E-07 | 6,53E-08 | 4,83E-08 ' 1,60E-05 | 4,77E-07
Control 6,37E-06 | 2,93E-07 | 5,65E-07 | 1,05E-04 | 5,02E-08 | 2,70E-05 | 1,19E-05 | 2,77E-05 | 1,43E-07 | 3,98E-06 | 1,10E-07 | 5,61E-08 | 2,74E-08 | 2,64E-06 K 3,97E-07
Max 1,13E-05 | 2,17E-07 | 8,21E-07 | 1,15E-04 | 5,93E-08 | 3,02E-05 | 1,88E-05 | 3,06E-05 | 1,50E-07 | 5,75E-06 | 8,76E-08 | 7,88E-08 | 2,42E-08 | 3,57E-06 | 7,47E-07
Aubange 3Max 1,23E-05 | 7,13E-07 | 7,90E-07 | 1,11E-04 | 9,11E-08 | 4,48E-05 | 1,51E-05 | 2,60E-05 | 3,10E-07 | 5,40E-06 | 7,84E-08 | 6,61E-08 | 2,12E-08 | 3,80E-06 | 6,53E-07
3Max & MO | 1,10E-05 | 4,03E-07 | 7,77E-07 | 8,15E-05 | 7,36E-08 | 2,50E-05 | 1,28E-05 | 2,71E-05 ' 2,07E-07 | 5,67E-06 | 9,28E-08 ' 5,52E-08 | 2,07E-08 | 4,50E-06 | 6,46E-07
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Table 4 Standard deviations of trace elements contents in aerial parts of Triticum spelta (n=3) across soils for the Control,
Max, 3Max and 3Max & MO modalities.

Standard deviation of the trace element content in plants (mg/kg plant)

Soil Modality Ti \Y Cr Mn Co Ni Cu Zn As Mo Cd Sn Sh Ba Pb
Control | 2,51E-06 | 4,25E-08 | 1,90E-07 | 1,14E-05 | 8,95E-09 | 8,95E-06 | 7,41E-07 | 4,40E-06 | 1,63E-08 | 2,28E-07 | 7,38E-09 | 3,86E-09 | 4,54E-09 | 2,06E-06 | 1,80E-07
_ Max 4,53E-05 | 2,33E-07 | 4,73E-07 | 2,64E-05 | 5,09E-08 | 1,84E-05 | 144E-05 | 2,10E-05 | 1,25E-07 | 7,38E-07 | 1,53E-07 | 8,76E-08 | 3,06E-08 1,09E-05  8,08E-07
Vieusart 3Max | 5,52E-06 | 3,97E-08 | 1,36E-07 | 9,90E-06 | 1,54E-08 | 2,79E-06 | 1,22E-06 | 1,99E-06 | 4,16E-08 | 9,79E-07 | 8,47E-09 | 5,55E-08 | 5,27E-08 | 3,31E-06 | 7,18E-08
3Max & MO | 2,43E-06 | 5,90E-08 | 1,20E-07 | 7,97E-06 | 1,39E-08 | 6,94E-06 | 1,66E-06 | 3,06E-06 | 4,72E-08 | 4,22E-07 | 5,10E-08 | 2,59E-08 | 1,40E-08 | 2,98E-06 | 1,20E-07
Control | 3,71E-06 | 5,78E-08 | 1,71E-07 | 1,80E-05 | 2,43E-08 | 1,76E-06 | 2,90E-06 | 2,04E-05 | 8,15E-08 | 1,33E-07 | 1,26E-07 | 1,74E-08  1,58E-08 | 9,50E-06  6,23E-07
_ Max 2,70E-05 | 4,22E-07 | 4,65E-07 | 5,19E-06 | 9,47E-08 | 3,77E-06 | 3,14E-06 | 3,06E-06  1,11E-07 | 8,36E-07 | 2,63E-08 | 4,73E-08 | 2,16E-08 | 4,08E-06  8,88E-07
Sainte-Walburge 3Max | 5,13E-06 | 6,15E-08 | 2,15E-07 | 1,88E-05  1,78E-08 | 3,21E-06 | 3,22E-06 | 6,74E-06 | 5,57E-08 | 2,87E-07 | 8,10E-08 | 1,01E-08 | 3,43E-09 | 3,08E-06 | 2,40E-07
3Max & MO | 4,52E-06 | 8,79E-08 | 1,04E-07 | 1,99E-05 | 1,01E-07 | 4,33E-06 | 1,92E-06 | 1,23E-05 | 3,49E-07 | 8,65E-07 | 8,39E-08 | 1,34E-08 | 7,61E-09 | 4,83E-06 | 173E-07
Control | 5,48E-06 | 1,22E-07 | 2,22E-07 | 7,13E-06 | 2,98E-08 | 8,51E-06 | 8,83E-07 | 2,88E-05 | 3,70E-08 | 1,75E-06 | 1,82E-07 | 4,90E-08 | 1,51E-08  6,15E-06  8,28E-07
Max 5,00E-06 | 4,89E-08 | 1,26E-07 | 1,88E-05 | 1,71E-08 | 1,16E-05 | 6,08E-06 | 4,92E-05  1,29E-07 | 2,03E-06 | 2,67E-07 | 8,02E-08 | 7,73E-08 | 8,26E-06 | 2,40E-07
Bressoux 3Max | 391E-07 | 8,21E-09 | 9,01E-08 | 1,40E-05 | 4,85E-10 | 2,80E-06 | 3,52E-06 | 1,52E-05 | 1,01E-07 | 1,07E-06 | 1,08E-07 | 1,87E-08 | 1,46E-08 | 2,87E-06 | 7,66E-08
3Max & MO | 4,34E-06 | 7,64E-09 | 2,06E-08 | 3,61E-06 | 2,53E-09 | 6,94E-06 | 1,80E-06 | 8,35E-06 | 4,09E-08 | 1,05E-06  1,87E-07 | 4,24E-09 | 1,15E-08 | 2,80E-06 | 1,29E-07
Control | 3,73E-06 | 2,48E-07 | 2,20E-07 | 2,90E-05 | 2,69E-08 | 3,40E-06 | 534E-06 | 9,08E-06 | 9,06E-08 | 6,61E-07 | 6,89E-08 | 1,92E-08 | 1,11E-08 | 9,33E-07 | 1,91E-07
Max 1,09E-05 | 1,02E-07 | 1,21E-07 | 1,51E-05 | 2,68E-08 | 8,68E-06 | 4,73E-06 | 2,29E-06 | 3,39E-08 | 9,38E-07 | 2,09E-08 | 2,72E-08 | 9,55E-09 | 1,88E-06 | 2,29E-07
Aubange 3Max | 3,39E-06 | 7,07E-07 | 2,35E-07 | 2,82E-05 | 7,14E-08 | 1,42E-05 | 4,20E-06 | 3,19E-06 | 2,46E-07 | 1,28E-06 | 1,27E-08 | 1,93E-08 | 4,79E-09 | 8,74E-07 | 2,96E-07
3Max & MO | 6,39E-06 | 1,63E-07 | 9,56E-08 | 1,44E-05 | 1,91E-08 | 5,99E-06 | 2,13E-06 | 5,15E-06 | 4,02E-08 | 1,28E-06 | 2,02E-08 | 9,42E-09 | 4,88E-09 | 1,17E-06 | 1,85E-07
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Table 5 Biomass of aerial parts of plants

Aerial parts dry mass (g)

Soil Modality Mean Standard deviation
Temoin 27,1 239
Vieusart Max 25,5 0,0603
3MaX 26 3’33
3Max & OM 24’7 4’77
Temoin 28,7 215
Sainte-Walburge Max 20,5 2,14
3Max & OM 25,9 8,75
Temoin 22,6 2,92
Max 24,1 2,86
Bressoux
3Max 27 1,63
3Max & OM 22’2 3,66
Temoin 26,4 2,05
Aubange Max 25 1,82
3Max 25,3 1,44
3Max & OM 25’1 1101




Annexe 8. Raw data — chapter I1l and IV.

Table 1 Mean trace element extractabilities (n=3) across soils for the Thio, TbF2, ThF10, ThF100 and Th10Gly100 modali-
ties.

Mean extractability of trace element (ug/g soil)

Soail Modality Ti \Y Cr Mn Co Ni Cu Zn As Mo Cd Sn Sb Ba Pb
Th10 2,39E-01| 1,27E-01| 3,73E-02| 1,68E+00 1,73E-02 3,88E-02] 1,18E-01 2,81E-01 2,31E-02 2,27E-03  1,84E-03| 1,63E-03| 4,32E-03| 5,53E-01  1,13E-01
TbhF2 9,26E-02| 1,01E-01 2,53E-02  1,41E+00 1,44E-02 3,43E-02, 9,97E-02  2,36E-01 1,92E-02 1,98E-03 1,60E-03 1,41E-03  3,17E-03 4,68E-01 9,93E-02
Vieusart TbF10 4,77E-01] 1,15E-01| 4,94E-02 1,29E+00| 1,44E-02| 4,11E-02| 1,06E-01 2,39E-01| 2,25E-02| 2,92E-03 1,44E-03 | 1,98E-03 3,17E-03| 4,29E-01 8,46E-02
TbF100 1,02E-01| 9,21E-02| 2,33E-02| 1,48E+00 1,22E-02 2,62E-02| 1,08E-01 2,31E-01 1,86E-02 1,49E-03 1,41E-03| 1,46E-03  3,48E-03| 4,88E-01  7,98E-02
Th10 & Gly100 | 9,11E-02 1,24E-01 3,00E-02 1,84E+00 1,68E-02 5,04E-02 1,93E-01 2,67E-01 4,54E-02 3,27E-03 2,09E-03 1,24E-03 4,03E-03 5,40E-01 1,04E-01
Th10 1,54E-01| 1,78E-01| 2,63E-02| 1,49E+00 1,99E-02 7,36E-02| 4,59E-01 2,56E+00 1,34E-01 3,96E-02 8,25E-03| 3,01E-03| 2,14E-02| 7,77E-01 | 6,07E-01
Sainte-Walburge ThF2 1,36E-01| 1,43E-01| 2,18E-02| 1,13E+00 1,49E-02 6,49E-02] 3,91E-01 1,98E+00 1,20E-01 4,12E-02  6,32E-03| 2,62E-03| 2,13E-02| 5,96E-01  4,47E-01
TbF10 1,19E-01  1,22E-01 1,77E-02  8,83E-01 1,17E-02 557E-02  3,64E-01 1,54E+00 1,10E-01 4,54E-02 5,31E-03 2,94E-03  2,21E-02 4,80E-01 3,48E-01
Th10 & Gly100 | 1,31E-01| 1,65E-01| 2,20E-02| 1,44E+00 1,90E-02 1,06E-01  1,42E+00 2,74E+00 2,00E-01 4,40E-02 9,25E-03| 2,81E-03 2,42E-02| 6,80E-01 4,71E-01
Th10 1,33E-01| 1,41E-01| 1,69E-02| 1,34E+00 1,25E-02 5,03E-02| 7,11E-01 2,96E+00 1,98E-01 2,44E-02 8,04E-03| 5,18E-03| 6,95E-02| 4,86E-01  1,06E+00
Bressoux TbF2 1,07E-01  1,41E-01 1,56E-02 1,39E+00 1,24E-02 5,03E-02, 7,01E-01 2,89E+00 1,92E-01 2,14E-02 7,81E-03 4,44E-03| 6,70E-02 4,73E-01 1,03E+00
TbF10 9,94E-02| 1,28E-01| 1,37E-02| 1,11E+00 1,03E-02 4,62E-02| 6,54E-01  2,46E+00 1,82E-01 2,25E-02 6,70E-03| 4,76E-03| 6,88E-02| 3,96E-01 | 8,12E-01
Th10 & Gly100 | 1,13E-01| 1,39E-01| 1,61E-02| 1,33E+00 1,23E-02 7,23E-02 5,25E+00 5,55E+00 2,51E-01 2,38E-02 9,86E-03| 5,64E-03 7,15E-02| 5,33E-01 1,06E+00
Th10 6,31E-02| 1,36E-01| 1,88E-02| 9,11E+00 3,82E-02 5,80E-02| 6,07E-02| 2,39E-01 3,28E-02 1,87E-03  6,63E-04| 1,80E-03| 1,55E-03| 1,79E-01 | 1,28E-01
Aubange ThF2 4,65E-02| 1,38E-01 1,81E-02| 9,75E+00| 4,05E-02| 6,39E-02| 5,30E-02  2,01E-01| 3,21E-02| 1,25E-03 6,22E-04  1,18E-03 1,22E-03| 1,89E-01 1,31E-01
TbF10 4,70E-02| 1,23E-01| 1,62E-02| 8,72E+00| 3,65E-02| 5,65E-02| 4,97E-02  1,87E-01| 3,08E-02| 1,61E-03 5,87E-04 1,30E-03 1,60E-03| 1,61E-01 1,13E-01

Th10 & Gly100 | 3,89E-02| 1,32E-01| 1,57E-02| 9,33E+00  3,85E-02 6,73E-02] 5,55E-02| 1,96E-01 5,42E-02 4,04E-03 6,42E-04| 1,40E-03 1,60E-03| 1,73E-01 1,15E-01




Table 2 Standard deviations of trace element extractabilities (n=3) across soils for the Thio, TbF2, TbF1, TbF100 and
Th10Gly100 modalities.

Standard deviation of the extractability of trace element (ug/g soil)

Soil Modality Ti \ Cr Mn Co Ni Cu Zn As Mo Cd Sn Sb Ba Pb
Tb10 1,17E-01 |2,05E-03 '7,59E-03 |1,42E-01 |6,79E-04 2,68E-03 1,07E-02 |1,41E-02 2,28E-03 2,42E-04 1,73E-04 3,05E-04 1,96E-03 3,87E-02 9,88E-03
TbF2 1,64E-02 |1,51E-03 1,27E-03 |1,21E-02 |6,05E-05 7,95E-04 2,00E-03 |1,17E-02 8,33E-04 2,90E-04 4,46E-05 6,41E-05 3,80E-04 1,12E-02 2,18E-03
Vieusart TbF10 6,38E-01 |4,66E-02 4,30E-02 |1,08E-01 4,15E-03 1,53E-02 1,12E-02 4,41E-02 7,01E-03 8,48E-04 5,82E-05 1,26E-03 4,61E-04 6,32E-02 '8,22E-03
TbF100 1,08E-02 |1,22E-02 2,81E-03 |1,67E-01 |1,80E-03 2,03E-03 2,78E-02 |3,23E-02 2,36E-03 1,67E-04 151E-04 4,40E-04 1,90E-04 5,27E-02 1,31E-02
Tb10 & Gly100 |8,39E-03 1,11E-02 |2,15E-03 |1,89E-01 |1,59E-03 2,39E-03 3,64E-03 |2,25E-02 |1,84E-03 |4,00E-04 2,61E-04 |1,10E-04 2,33E-04 6,43E-02 |1,29E-02
Tbh10 2,62E-02 |1,69E-02 2,97E-03 |1,17E-01 |1,86E-03 7,98E-03 4,03E-02 |1,93E-01 1,85E-02 7,07E-03 7,77E-04 8,39E-04 2,50E-03 6,82E-02 '4,90E-02
i TbF2 3,06E-02 |2,13E-02 4,40E-03 |2,53E-01 |3,38E-03 7,64E-03 4,02E-02 4,54E-01 5,28E-03 2,84E-03 1,38E-03 1,45E-04 5,27E-05 1,37E-01 1,18E-01
Sainte-Walbuirge TbF10 4,16E-03 4,99E-03 |1,04E-03 6,84E-02 8,45E-04 |2,85E-03 3,15E-02 1,09E-01 4,67E-03 7,90E-04 4,89E-04 4,28E-04 4,85E-04 3,53E-02 4,41E-02
Tb10 & Gly100 9,95E-03 |3,29E-03 4,57E-04 |5,96E-02 |5,76E-04 1,81E-03 2,96E-02 |7,29E-02 1,71E-03 1,86E-03 3,80E-04 2,21E-05 6,00E-04 3,01E-02 3,17E-02
Tb10 2,02E-02 |5,47E-03 '1,36E-03 |1,25E-01 |1,33E-03 2,88E-03 2,80E-02 |1,88E-01 4,25E-03 5,03E-04 6,44E-04 9,25E-04 2,29E-04 3,34E-02 9,37E-02
TbF2 8,04E-03 |6,44E-03 9,91E-04 8,75E-02 |7,40E-04 1,36E-03 '1,75E-02 |1,24E-01 6,44E-03 6,58E-04 2,17E-04 1,82E-04 1,03E-03 '2,07E-02 5,73E-02
Bressoux TbF10 3,41E-03 |4,88E-03 8,70E-04 |8,28E-02 |8,57E-04 1,72E-03 |1,27E-02 |1,52E-01 8,28E-03 8,06E-04 5,22E-04 2,22E-04 1,06E-03 2,62E-02 6,11E-02
Tb10 & Gly100 |4,13E-03 3,27E-03 |5,60E-05 3,31E-02 |2,38E-04 4,20E-04 |1,06E+00 |5,03E-02 |8,08E-03 |5,01E-04 3,97E-04 3,33E-05 |1,38E-03 1,81E-02 |3,86E-02
Tb10 1,27E-02 |2,35E-02 4,08E-03 |1,67E+00 6,36E-03 8,06E-03 '1,48E-02 2,04E-02 2,77E-03 3,58E-04 5,74E-05 3,84E-04 2,08E-04 2,22E-02 '1,58E-02
TbF2 3,53E-03 |5,79E-03 5,17E-04 |4,62E-01 |1,68E-03 3,66E-03 1,78E-03 |551E-03 2,00E-04 1,22E-04 1,06E-04 4,53E-05 2,57E-04 9,07E-03 4,60E-03
Aubange TbF10 6,62E-03 |1,49E-02 1,56E-03 |9,22E-01 3,85E-03 5,58E-03 8,05E-03 |1,77E-02 3,28E-03 1,99E-04 9,71E-05 1,35E-04 1,19E-04 2,17E-02 '1,71E-02

Tb10 & Gly100 |9,46E-03 '1,19E-02 |1,75E-03 |7,46E-01 |3,27E-03 4,28E-03 |7,72E-03 |1,03E-02 |3,48E-03 |4,32E-04 3,39E-05 9,45E-05 |1,53E-04 1,06E-02 |1,10E-02
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Table 3 Mean trace element extractabilities (n=3) across soils for the DOCi0, Gly100DOC100, GlyF100DOC100 and
AMPA100DOC100 modalities.

Mean extractability of trace element (ug/g soil)

Soil Modality Ti \Y Cr Mn Co Ni Cu Zn As Mo Cd Sn Sb Ba Pb
DOC100 1,19E-01| 2,75E-02| 1,27E-02| 9,76E-01 1,14E-02| 8,16E-02  4,77E-01| 2,36E-01| 1,79E-02 2,77E-02| 2,08E-03| 2,19E-03 | 4,99E-03| 2,70E-01  2,34E-02
Vieusart Gly100DOC100 1,04E-01| 3,88E-02| 1,22E-02| 1,33E+00 1,48E-02| 1,00E-01  5,65E-01| 2,38E-01| 3,61E-02| 2,83E-02  2,61E-03 2,06E-03| 6,22E-03| 2,56E-01| 2,44E-02
GlyF100DOC100 1,82E-01| 4,69E-02| 1,80E-02| 1,17E+00 1,46E-02| 1,05E-01 5,69E-01| 3,05E-01| 3,92E-02| 3,75E-02  2,71E-03  2,50E-03| 6,13E-03| 2,50E-01 2,62E-02
AMPA100DOC100 | 7,40E-02| 3,35E-02  9,38E-03 1,06E+00 1,17E-02] 8,90E-02| 4,93E-01  2,37E-01 3,41E-02 3,39E-02 2,30E-03| 2,12E-03| 5,58E-03| 2,51E-01  2,25E-02
DOC100 3,78E-01| 9,75E-02| 2,98E-02 7,33E-01| 1,43E-02| 1,51E-01 8,55E-01| 9,01E-01| 1,04E-01| 1,08E-01 6,75E-03  6,73E-03| 2,27E-02| 4,08E-01| 9,03E-02
Sainte-Walburge Gly100DOC100 1,42E-01| 9,56E-02| 1,40E-02| 9,75E-01 1,77E-02| 1,69E-01 1,69E+00| 1,45E+00 1,57E-01 1,00E-01| 9,25E-03| 3,85E-03| 2,66E-02| 4,83E-01 7,19E-02
GlyF100DOC100 2,98E-01| 1,12E-01| 2,60E-02 9,20E-01 1,83E-02| 1,94E-01| 1,75E+00| 1,69E+00| 1,76E-01| 1,08E-01 1,07E-02 5,80E-03| 2,63E-02| 4,31E-01| 9,72E-02
AMPA100DOC100 | 1,53E-01 9,53E-02| 1,43E-02| 7,13E-01 1,24E-02  1,35E-01 8,78E-01 | 6,86E-01 1,56E-01 1,10E-01  6,58E-03  4,01E-03 2,48E-02| 3,95E-01 5,89E-02
DOC100 2,11E-01| 1,00E-01| 2,16E-02| 7,27E-01 1,19E-02 1,29E-01| 1,48E+00| 3,81E+00 1,26E-01| 6,53E-02  1,24E-02| 1,34E-02| 5,68E-02| 4,14E-01 | 3,70E-01
Bressoux Gly100DOC100 2,15E-01| 1,17E-01| 2,26E-02 8,27E-01| 1,26E-02| 1,80E-01| 4,63E+00| 6,55E+00| 1,89E-01| 6,35E-02  1,44E-02  1,32E-02| 6,14E-02| 4,62E-01| 4,01E-01
GlyF100DOC100 2,91E-01| 1,24E-01| 2,75E-02| 8,27E-01 1,37E-02| 1,84E-01 5,22E+00| 7,06E+00  1,98E-01 6,62E-02| 1,53E-02| 1,60E-02 6,04E-02| 4,52E-01  4,41E-01
AMPA100DOC100 | 2,07E-01  1,11E-01| 2,16E-02| 7,46E-01| 1,16E-02  1,32E-01  1,54E+00 3,95E+00 1,89E-01 6,56E-02| 1,25E-02 1,26E-02 5,88E-02| 4,32E-01  3,66E-01
DOC100 8,26E-02| 4,64E-02| 1,69E-02  1,42E+00| 1,01E-02| 8,01E-02| 3,93E-01| 2,02E-01| 2,51E-02| 1,01E-02  5,33E-04 2,64E-03| 2,28E-03| 3,98E-02| 2,87E-02
Aubange Gly100DOC100 1,33E-01| 7,34E-02| 2,62E-02| 1,64E+00 1,25E-02| 9,70E-02  4,04E-01| 1,92E-01| 4,37E-02 1,86E-02| 4,66E-04| 2,35E-03| 2,42E-03| 3,91E-02  2,83E-02
GlyF100DOC100 1,93E-01| 1,07E-01| 3,63E-02  2,83E+00 1,78E-02| 1,22E-01| 4,06E-01| 2,24E-01| 5,68E-02| 2,49E-02  5,91E-04 2,12E-03| 2,54E-03| 6,67E-02| 4,16E-02
AMPA100DOC100 | 6,66E-02  4,35E-02| 1,30E-02| 1,31E+00 9,49E-03 8,58E-02 3,88E-01 | 1,94E-01 3,48E-02 1,71E-02  5,39E-04| 1,97E-03 2,23E-03| 6,12E-02 2,80E-02
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Table 4 Standard deviations of trace element extractabilities (n=3) across soils for the DOC100, Gly100DOC100,
GlyF100DOC100 and AMPA100DOC100 modalities.

Standard deviation of the extractability of trace element (ug/g soil)

Soail Modality Ti \Y Cr Mn Co Ni Cu Zn As Mo Cd Sn Sb Ba Pb
DOC100 8,89E-02| 8,56E-03 6,69E-03| 5,22E-02| 1,14E-03| 5,14E-03| 6,52E-03 3,59E-02| 1,31E-03| 1,37E-03| 1,69E-04| 2,08E-04  2,03E-04 2,40E-02| 2,94E-03
Vieusart Gly100DOC100 2,50E-02| 2,09E-03 1,78E-03| 1,99E-02| 2,63E-05 1,70E-03| 2,77E-02  3,55E-02| 1,24E-03| 9,51E-04  1,16E-04| 1,04E-04  6,71E-05 5,62E-03| 1,57E-03
GlyF100DOC100 9,63E-02| 8,49E-03 | 6,64E-03| 3,12E-02| 3,92E-04  1,80E-03| 9,78E-03 6,02E-02| 1,70E-03| 1,77E-03| 1,37E-04| 2,76E-04  2,19E-04 1,55E-02| 2,58E-03
AMPA100DOC100 | 3,29E-02 2,36E-03 1,75E-03  1,04E-02 3,72E-04| 9,52E-04| 2,73E-03 4,58E-03 5,93E-04 1,02E-03 1,01E-04 9,97E-05 1,32E-04 1,18E-02 1,19E-03
DOC100 1,91E-01| 1,74E-02| 1,24E-02| 6,18E-02| 1,73E-03 1,45E-03  7,88E-03 1,24E-01| 3,15E-03| 1,98E-03| 3,44E-04| 1,94E-03| 7,57E-04 2,97E-02| 1,98E-02
Sainte-Walburge Gly100DOC100 2,33E-02| 2,86E-03 1,62E-03| 1,02E-02| 6,69E-06  2,54E-03| 3,90E-02 4,42E-02| 4,26E-04| 2,69E-03| 3,76E-04| 4,54E-04  6,91E-04 7,37E-02| 6,63E-03
GlyF100DOC100 9,41E-02| 8,97E-03 | 6,25E-03| 3,12E-02| 7,96E-04 | 1,47E-03| 9,79E-03 8,09E-02| 3,84E-03| 1,55E-03| 3,49E-04| 1,23E-03| 1,90E-03 1,19E-02| 1,27E-02
AMPA100DOC100 | 7,71E-02 9,25E-03  5,68E-03 4,11E-02 1,16E-03| 3,72E-03| 1,10E-02 1,11E-01 5,96E-03 2,93E-03 4,05E-04 9,98E-04 8,04E-04 2,00E-02 1,57E-02
DOC100 6,00E-02| 5,65E-03 3,42E-03| 4,45E-02| 1,20E-03| 5,84E-03| 551E-02) 1,91E-01| 3,66E-03| 4,46E-03| 6,18E-04| 1,47E-03 | 3,30E-03 2,14E-02| 2,61E-02
Bressoux Gly100DOC100 3,68E-02| 4,33E-03 2,96E-03| 6,35E-02| 5,90E-04  3,51E-02| 8,16E-02  1,90E-01| 6,19E-03| 8,34E-04  6,16E-04| 2,20E-03  1,74E-03 2,11E-02| 4,12E-02
GlyF100DOC100 7,34E-02| 7,12E-03 | 4,97E-03| 5,09E-02| 1,00E-03| 2,77E-02| 9,82E-02  1,49E-01| 3,07E-03| 8,78E-04  2,96E-04| 2,51E-03 1,01E-03 4,64E-02| 2,99E-02
AMPA100DOC100 | 8,22E-03 1,87E-03 6,39E-05 2,45E-02  7,92E-05| 2,23E-03| 1,54E-02  3,72E-02 1,38E-03| 4,27E-04  3,46E-04 3,01E-04 7,30E-04 1,11E-02 2,36E-02
DOC100 7,97E-02| 3,41E-02| 1,32E-02| 6,28E-01 3,24E-03| 9,02E-03| 4,31E-03 2,19E-02| 8,13E-03| 6,85E-04  8,55E-05| 5,61E-04 4,10E-05 7,01E-03| 5,42E-03
Aubange Gly100DOC100 6,45E-02| 2,97E-02| 1,16E-02| 3,66E-01| 2,08E-03| 8,81E-03| 2,84E-03 1,84E-02| 6,76E-03| 5,97E-04  2,85E-05| 2,09E-04 8,62E-05 8,17E-03| 3,81E-03
GlyF100DOC100 4,18E-02 2,40E-02 7,84E-03  7,05E-01 2,84E-03| 2,13E-02| 1,51E-03| 4,46E-02| 6,22E-03| 4,15E-04| 1,39E-04 | 1,28E-04 | 1,66E-04 2,44E-02 8,72E-03
AMPA100DOC100 | 1,90E-02| 6,24E-03| 2,85E-03| 6,02E-02  2,80E-04  5,00E-03| 1,63E-03  3,50E-02| 1,56E-03 2,25E-04| 1,13E-04 1,64E-04 151E-04 4,39E-02 2,05E-03

260

Thesis Nathan Bemelmans | 2024




Annexe 9. BCR extractions.

1. Protocol

To assess the element distribution in solid phase of each studied soil a
modified BCR three-step sequential extraction (Zemberyova et al.,
2006) was performed on 1 g of <2 mm soil samples: (1) 40 mL of 0.11
mol L—1 CH3COOH (exchangeable fraction); (2) 40 mL of 0.5 mol
L—1 NH20OH-HCI (reducible-iron/manganese oxides fraction); and (3)
2x10 mL of 8.8 mol L—-1 H202 before 50 mL of 1 mol L—1
CH3COONHg4 (oxidizable-organic matter and sulfides fraction). For
each extraction step, soil samples were mixed with the extractant at 300
rpm for 16 h using a mechanical shaker (Universal Shaker SM 30 B,
Edmund Biihler GmbH, Bodelshausen, Germany). The extracted solu-
tions were then separated from the solid phase by: (1) centrifugation
160 at 4000 rpm for 20 min (Centrifuge Jouan GR4.12, France); (2)
filtration with 20-um Whatman filters; and (3) filtration with 0.2-um
GHP Acrodisc (PSF and nylon, Pall). The precipitates were washed
with 20 mL of Milli-Q water before the next step. The residual fraction
was obtained for each element by the difference between the total soil
content and the sum of the other three fractions.

To determine the distribution of elements in the solid phase of each
studied soil, a modified BCR three-step sequential extraction (Zem-
beryova et al. 2006) was conducted on 1 g of soil (sieved at 2 mm). The
extraction steps included: (1) 40 mL of 0.11 mol L—1 CH3COOH for
the exchangeable fraction; (2) 40 mL of 0.5 mol L—1 NH2OH-HCI for
the reducible fraction associated with iron and manganese oxides; and
(3) 2x10 mL of 8.8 mol L—1 H20, followed by 50 mL of 1 mol L—1
CH3COONH4 for the oxidizable fraction, which includes organic mat-
ter and sulfides.




During each extraction step, the soil samples were agitated at 300 rpm
for 16 hours using a mechanical shaker (Universal Shaker SM 30 B,
Edmund Buhler GmbH, Bodelshausen, Germany). The resulting solu-
tions were then separated from the solid phase by: (1) centrifugation at
4000 rpm for 20 minutes (Centrifuge Jouan GR4.12, France); (2) filtra-
tion through 20-um Whatman filters; and (3) filtration through 0.2-um
GHP Acrodisc filters (PSF and nylon, Pall). The precipitates were
rinsed with 20 mL of Milli-Q water before proceeding to the next step.
The residual fraction for each element was determined by subtracting
the sum of the three extracted fractions from the total soil content.




2. Results
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Annexes
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