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Abstract
Glyphosate is one of the most widely used herbicides in the world. In addition to its herbicidal effect, glyphosate is a chelat-
ing agent that can form complexes with trace elements. Yet, agricultural soils can be contaminated with both organic and 
mineral substances, questioning the possible influence of glyphosate application on the trace element mobility. In this context, 
we specifically studied the extractability of trace elements in uncontaminated and metal-contaminated agricultural soils by 
adding glyphosate, formulated glyphosate, and aminomethylphosphonic acid (AMPA, a degradation product of glyphosate) 
in batch experiments from 0 to 100 mg L−1. Results showed that, on average, glyphosate enhanced the extractability of the 
elements considered (e.g., As, Cd, Cu, Pb, and Zn) at 20 and 100 mg L−1. Surprisingly, the uncontaminated soil highlighted 
the highest influence of glyphosate compared to the contaminated ones, likely resulting from a higher natural element extract-
ability in the contaminated soils. Although 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 
deleterious effects.
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Introduction

Glyphosate (N-(phosphonomethyl)glycine), a non-selective 
post-emergence 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 molecules (also called co-formu-
lants) 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 com-
mercial confidentiality (Mesnage et al. 2019). The common 
glyphosate concentration in the commercial formulated prod-
ucts is 360 g L−1, then diluted by the farmer for field appli-
cation. The maximum authorized application of glyphosate 

depends on both culture and country: for example, in Bel-
gium, it reaches up to 6 L ha−1 of 360 g L−1 glyphosate solu-
tion (i.e., 2160 g ha−1; Phytoweb 2015).

With a theoretical half-life of 16 days (Lewis et al. 2016), 
glyphosate is considered to be non-persistent in soil. The 
degradation rate, however, varies according to environmen-
tal 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 aminomethylphos-
phonic 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 (Bento 
et al. 2016; Lewis et al. 2016; Bergström et al. 2011). Due 
to the widespread use of glyphosate, both glyphosate and 
AMPA are largely present as pesticide residues in agricul-
tural 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), glypho-
sate has three negative and one positive charges in most 
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agricultural soils. This allows binding with ions, such as 
metals, and form complexes.

Trace elements are mineral elements present in low con-
centrations in the Earth’s crust (< 1‰), including various 
metals (e.g., Cd, Cu, Zn) and metalloids (e.g., As, Sb) with 
specific behaviours in the environment (i.e., volatility, solu-
bility, 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, exogenous organic matter (e.g., manure, 
compost, sludge), metal-based pesticides (e.g., Bordeaux 
mixture), and atmospheric deposition (Belon et al. 2012; 
He et al. 2005). Despite the metabolic roles played by some 
elements, all trace elements are toxic for human and envi-
ronmental 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 applica-
tion, particularly in metal-contaminated agricultural soils. 
Increasing mobility from soil (or mineral surfaces) to solu-
tion have already been evidenced for As, Cd, Cu, Ni, Pb, 
and Zn after adding glyphosate (Barrett and McBride 2006; 
Divisekara et al. 2018; Morillo et al. 2002; Si et al. 2013) 
and could promote either the transfer to the plant by increas-
ing the trace element availability (and thus a potential plant 
contamination), or the transfer to the hydrosystem (and thus 
a potential groundwater contamination). However different 
methodologies were used, especially with unrealistic high 
glyphosate concentration, making comparison difficult. 
Moreover, no information is available for some exclusively 
toxic elements (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 (Dousset et al. 2007; Morillo et al. 2000).

In this study, we aimed to assess the influence of glypho-
sate concentration (0, 20, and 100 mg L−1 of glyphosate) and 
substance (unformulated glyphosate, formulated glyphosate, 
and AMPA at 100 mg L−1) 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 con-
centrations after an extraction experiment and considering 
one uncontaminated and three distinct metal-contaminated 
agricultural soils collected in Wallonia, Belgium.

Materials and methods

Study area

Four agricultural soils were collected in Wallonia, Bel-
gium: an uncontaminated soil from Vieusart, Walloon Bra-
bant, two anthropogenically metal-contaminated soils from 
Sainte-Walburge and Bressoux (moderately and highly 
contaminated, respectively) in the province of Liège, and 
a naturally enriched soil from Aubange in Belgian Lux-
embourg. The Vieusart soil (50.6799°N; 4.6357°E) is a 
silty soil developed on Quaternary loess characterized by 
slightly acidic conditions (pHH2O = 6.5), low total carbon 
content (1.25%), and a CEC of 11.1 cmolc kg−1 (Table 1). 
The Sainte-Walburge soil (50.6644°N; 5.5887°E) is a 
silty soil developed on flint and chalk from the Maas-
trichtian (Gulpen formation). The soil was collected 
at the slag heap foothill and contained a non-neglecta-
ble load of coal extraction debris resulting in a higher 
total carbon content (11.1%) and soil pH (pHH2O = 7.8; 
Table 1). The CEC, however, was slightly higher than at 
Vieusart (15.2 cmolc kg−1). 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 pHH2O of 7.0, and a 
CEC of 26.9 cmolc kg−1 (Table 1). Due to the industrial 
history of this region of the city of Liège (mostly steel 
industry and coal extraction), both Sainte-Walburge and 
Bressoux were influenced by atmospheric deposition of 
metal contaminants impacting their total trace element 
content from Sainte-Walburge (moderately contaminated 
soil) to Bressoux (highly contaminated soil; Table 1). 
Finally, the Aubange soil (49.5765°N; 5.7684°E) is a silty 
soil with moderate stony load developed on the Aubange 
formation, a complex of sandstone, siltstone, and argil-
lite dating from the Toarcien with high naturally enriched 
trace element content, such as As, Ni, and Cr (Table 1; 
Vandeuren et al. 2023). The soil was characterized by a 
pHH2O of 7.3, a total carbon content of 2.43%, and a CEC 
of 20.8 cmolc kg−1 (Table 1).

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 temperature for 
15 days and sieved through a 2-mm mesh. An aliquot was 
crushed for trace element analyses using a soil grinder 



Environmental Science and Pollution Research	

1 3

(Vibratory Disc Mill RS 200, Retsch, Haan, Germany). 
Basic soil characterization included soil pHH2O (using a 
1:5 ratio), total carbon content (Elementar vario EL cube, 
Langenselbold, Germany), and CEC (Metson method with 
ammonium acetate at pH 7). Due to the absence of car-
bonates, total carbon content can be assumed as organic 
carbon content.

Trace element concentration quantification

Before quantification of trace element concentrations, 
100 mg of ground soil samples were digested in an ISO 6 
cleanroom (Earth and Life Institute, UCLouvain) in a Teflon 
bottle (Savillex). We applied a four-step procedure (HNO3/
HF, H2O2, HNO3/HCl, and HNO3) using suprapure chemi-
cals 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, Sb, Sn, Ti, V, and Zn) was 
quantified in the MOCA platform (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 evalu-
ated using two certified soil material (GSS1 and GSS4; 
Xuejing et al. 1985) in each series. The average recovery 

(Cmeasured/Ccertified × 100) was estimated to 100 ± 15% for all 
analytes, except for Cd (117%), Sb (121%), Mn (78%), Ti 
(75%), and Ba (70%). Limits of detection were estimated 
to < 0.01 µg kg−1, except for Ti, Ni, and Zn (< 0.1 µg kg−1) 
and for Mo (< 1 µg kg−1).

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 considered: Milli-Q water (control), glypho-
sate (Sigma Aldrich) at 20 and 100 mg L−1 (correspond-
ing to 0.12 and 0.59 mmol L−1, respectively), formulated 
glyphosate (Glyfall plus) 100 mg L−1 (corresponding to 
0.59 mmol L−1), and AMPA (Sigma Aldrich) at 100 mg L−1 
(corresponding 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 concen-
trations in the extraction solutions were negligible. Extrac-
tions were performed in triplicate in a 50-mL centrifuge 
polypropylene tubes with 5 g of sieved soil and 25 mL of 
extraction solution, 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-µm pore 
size Nylon Acrodisc®. All extraction solutions have been 
prepared using Milli-Q water. An aliquot of 1 mL of the 

Table 1   Summary table of 
the soil properties and total 
trace element content of the 
four study agricultural soils in 
Wallonia, Belgium

Vieusart Sainte-Walburge Bressoux Aubange

Soil properties
  pHH2O 6.4 7.8 7 7.3
  Total carbon content (%) 1.25 11.1 15.8 2.43
  CEC (cmolc kg−1) 11.1 15.2 26.9 20.8

Trace element content (mg kg−1)
  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 23.4 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 12.5 1.01
  Sn 1.14 12.8 59.9 1.68
  Ti 1680 2540 996 259
  V 52.2 84.5 115 403
  Zn 44.1 353 1350 237
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filtered solution 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 recovery of 100 ± 15%, except for 
Zn (83%), Cd (60%), and Pb (133%). The concentration of 
all considered elements were always above the quantifica-
tion limit.

For glyphosate and AMPA analysis, the solution samples 
were diluted to reach the range of the analytical method (1 
to 20 µg L−1) adapted from ISO 21458 and ISO 116308. 
Glyphosate and AMPA were derivatized at pH 9 (borate 
buffer) by an excess of FMOC-Cl. Glyphosate and AMPA 
were measured by HPLC (1200 series, Agilent Tech-
nologies Santa Clara, CA, USA) with a Merck Lichrocart 
C18 150 × 4.6 mm–5 µm column kept at 35 °C. Elutants 
were pH  7 10  mM phosphate buffer (A) and 45:45:10 
acetonitrile:methanol:Milli-Q water solution (B). Elution 
was performed at a flow rate of 1 mL min−1 using the fol-
lowing 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.

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 R 4.0.2 
and RStudio 2023.06.1. Statistical comparisons between 
glyphosate concentrations (0, 20, and 100 mg L−1) or tested 
substances (unformulated glyphosate, formulated glypho-
sate, and AMPA at 100 mg L−1) were performed using a 
Kruskal–Wallis test and a post-hoc Dunn tests including the 
Bonferroni adjustment (rstatix library).

Results

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 1; Baize 2000). We first investigated the extractability 
of four trace elements as contrasted examples: Cu, As, Mo, 
and Pb (Fig. 1B–E). The element water-extractability (i.e., 
control modality) was ranged in the following order: Mo 
(0.007 µg gsoil

−1) < As ≤ Pb < Cu (0.75 µg gsoil
−1). Results 

showed an overall increase of element extractability with 
both concentrations of glyphosate (20 and 100 mg L−1) com-
pared to the control, on average 3.5 and 2.0 times higher, 
respectively, and up to 6.9 times for Pb with 20 mg L−1 
of glyphosate. We highlighted an increase from 0.0014 to 
0.22 µmol L−1 for Mo and Cu, respectively, with an addition 
of 0.59 mmol L−1 of glyphosate (i.e., 100 mg L−1), repre-
senting an elements/glyphosate molar ratio of 0.05% (con-
sidering the four trace elements: Cu, As, Mo, and Pb). Note 
that only Pb with 20 mg L−1 of glyphosate showed a statis-
tically significantly higher concentration than the control 
(p < 0.05). Interestingly, the intermediate glyphosate con-
centration (i.e., 20 mg L−1) sometimes reached higher tested 
modality/control extractability ratio than for 100 mg L−1 
(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 concentration. For 
formulated glyphosate, the results were similar to unformu-
lated glyphosate with only positive effect compared to the 
control in the following order: Pb (× 1.2) < Mo < Cu < As 
(× 3.3). The tested modality/control extractability ratios 
were either higher (for Cu and Mo) or lower (for Pb) com-
pared to glyphosate (Fig. 1). Finally, the influence of AMPA 
on the extractability of trace elements was more heterogene-
ous depending on the element considered, including positive 
effect for As (× 2.3), negative effect for Pb (× 0.7), and no 
effect for Cu and Mo (× 1.1).

For > 70% of the considered element-modality combina-
tion, the extractability was also enhanced (i.e., modality/con-
trol extractability ratio > 1.2, and up to 8.7 for Sn; Fig. 2). 
Titanium, V, Cr, Mn, Co, and Ni also presented a similar 
behaviour as Pb with higher extractability with 20 mg L−1 of 
glyphosate than with 100 mg L−1. Comparing the tested sub-
stances 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 extractability effect, despite no statistically signifi-
cant differences. Copper and Zn, however, showed higher 
extractability with: (1) 100 mg L−1 of glyphosate compared 
to 20 mg L−1, and (2) formulated glyphosate compared to 
unformulated one at 100 mg L−1. Finally, with 100 mg L−1 
of AMPA, Zn, Sn, and Ba presented the maximum extract-
ability decrease comparted to the control (at least 3 times).

The molecule concentrations were measured in the post-
extraction solution (Fig. 1A). Results indicated a minor part 
of glyphosate used for the experiment that remained in solu-
tion, from 10 (with 20 mg L−1 of glyphosate) to 28% (with 
100 mg L−1 of glyphosate). This part, however, increased 
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Fig. 1   Concentrations (lines) 
and proportion (pie charts) of 
molecule remaining in solu-
tion 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 water), glyphosate (20 
and 100 mg L−1), formulated 
glyphosate (100 mg L−1), 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 statisti-
cally significant differences 
(Kruskal–Wallis test and Dunn 
test with Bonferroni adjust-
ment) for concentrations and 
substances, respectively



	 Environmental Science and Pollution Research

1 3

to 42% when 100 mg L−1 of formulated glyphosate was 
added. For the same mass concentration of AMPA (i.e., 
100 mg L−1), the molecule remaining in solution reached 
35%, in-between glyphosate and formulated glyphosate. 
Note that AMPA in the post-extraction solutions was below 
detection limit for all unformulated and formulated glypho-
sate modalities. The average pH values in the post-extrac-
tion solutions were ranged from 6.4 to 7.0, representing a 
decrease from the pH of the control ranging between 0 (for 
20 mg L−1 of glyphosate) and 0.57 (for 100 mg L−1 of for-
mulated glyphosate) pH unit.

Trace element extractability in contaminated 
agricultural soils

A similar experiment was performed for the two anthro-
pogenically contaminated (Sainte-Walburge and Bressoux) 
and one naturally enriched (Aubange) soils (Fig. 3). These 
three soils indicated elevated trace element content com-
pared to European agricultural soils (Table 1; Baize 2000). 
The element water-extractability was ranged from Cd in 
Aubange (0.22 ng gsoil

−1) to Mn in Aubange (3.8 µg gsoil
−1), 

i.e., on average 5.5 times higher than for the uncontaminated 

Fig. 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) 
influence compared to the control
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soil. Overall, the tested modality/control extractability 
ratios for the four selected trace elements were between 
0.7 (for Pb with 100 mg L−1 of AMPA at Sainte-Walburge 
and Aubange) and 10 (for Cu with 100 mg L−1 of formu-
lated glyphosate at Bressoux). This highlighted a higher 
heterogeneity compared to the uncontaminated soil. We 

also compared these four trace elements with the glypho-
sate: according to the soil considered, molar concentration 
increased from 0.0019–0.0016 to 0.015–11.1 µmol L−1 for 
Mo and Cu, respectively, with an addition of 0.59 mmol L−1 
of glyphosate (i.e., 100 mg L−1), representing an elements/
glyphosate molar ratio of 0.5–1.9 for the anthropogenically 

Fig. 3   Concentrations (lines) and proportion (pie charts) of mol-
ecule remaining in solution after extraction (n = 3; a) and extract-
ability (n = 3) of Cu (d, e, f), Pb (g, h, i), As (j, k, l), and Mo (m, 
n, o) in the three contaminated soils (Sainte-Walburge, Bressoux, 
and Aubange) following four extraction modalities: control (Milli-
Q water), glyphosate (20 and 100  mg  L−1), formulated glyphosate 

(100  mg  L−1), and AMPA (100  mg  L−1). Numbers indicate the 
tested modality/control extractability ratios (the dashed line repre-
sents 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 Bonferroni adjustment) for concen-
trations and substances, respectively
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contaminated and 0.009% for the naturally enriched soils 
(considering Cu, As, Mo, and Pb). Except for Pb with 
20 mg L−1 of glyphosate, both anthropogenically contami-
nated soils presented similar patterns between modalities 
and elements (including comparable extractability ratios for 
Mo and As), and dissimilar to Aubange. For glyphosate, 
the extractability 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−1 of 
glyphosate at Bressoux and, to a lesser extent, Sainte-Wal-
burge (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−1 of glypho-
sate (e.g., Cu at Bressoux, p < 0.05) or from 20 mg L−1 of 
glyphosate (e.g., As at Aubange, p < 0.05). Surprisingly, 
the extractability was increased for some trace elements 
with 20 mg L−1 of glyphosate without effect observed with 
100 mg L−1 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−1 of formulated glyphosate. 
The tested modality/control extractability ratios were similar 

or higher than for unformulated glyphosate (statistically sig-
nificant differences for As in Sainte-Walburge and Cd in 
Aubange compared to the control, p < 0.05). The influence of 
AMPA on trace element extractability was generally lower 
(on average, from × 0.7 to × 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 extractability than the control 
(with the exception of Bressoux).

Similar groups of elements defined in the uncontami-
nated soil were also observed in the contaminated ones 
(Fig. 2): e.g., Ti, V, Cr, Mn, and Co behaved like Pb, with 
higher extractability with 20 mg L−1 of glyphosate than 
100 mg  L−1. 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−1 of glyphosate 
compared to 100 mg L−1, as observed for Cd). AMPA gen-
erally presented no effect (for 24 cases) or negative influ-
ence (for 17 cases) on element extractability compared to 

Fig. 4   Extractability potential of trace elements of each tested 
modalities compared to extractability potential in the control (n = 3): 
glyphosate 20  mg  L−1 (a), glyphosate 100  mg  L−1 (b), formulated 

glyphosate 100 mg  L−1 (c), and AMPA 100 mg L.−1 (d). The solid 
line represents the 1:1 ratio, and the dashed lines represent the 2:1 
ratio (upper line) and 1:2 ratio (lower line)
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the control. However, differences appeared among contami-
nated soils: the negative influence was observed in Sainte-
Walburge and Aubange, but not in Bressoux (except for Ba 
and to a lesser extent Zn).

Results of the molecule remaining in the post-extraction 
solution indicated the same trend in the three contaminated 
soils: increasing proportion of active substance with increas-
ing glyphosate concentration (on average, × 1.7 from 20 to 
100 mg L−1), higher proportion with formulated glyphosate 
than unformulated glyphosate, and intermediate proportion with 
AMPA (Fig. 3). The naturally enriched soil, however, showed 
on average 3.2 times less glyphosate remaining in solution with 
100 mg L−1 compared to both Sainte-Walburge and Bressoux. 
As observed for the uncontaminated soil, no AMPA was meas-
ured above the detection limit in the post-extraction solution in 
the unformulated and formulated glyphosate modalities.

Extractability potential

We finally considered the extractability potential of trace ele-
ments (i.e., extractability normalized to soil element concentra-
tion) to compare the different soils by eliminating any concen-
tration influence. We thus compared the extractability potential 
of each tested modality (20 mg L−1 of glyphosate, 100 mg L−1 
of glyphosate, 100 mg  L−1 of formulated glyphosate, and 
100 mg L−1 of AMPA) to the extractability potential in the con-
trol (Fig. 4). Considering the glyphosate influence on the extract-
ability potential of elements (Fig. 4a–b), Vieusart depicted an 
overall higher positive effect compared to the contaminated 
soils, particularly with 20 mg L−1 of glyphosate. For contami-
nated soils, Sainte-Walburge and Aubange generally presented 
higher extractability potential than Bressoux with 20 mg L−1 of 
glyphosate, while negative effect was common with 100 mg L−1 
of glyphosate. Overall, Cu, Zn, Mo, and Sb were the most poten-
tially extractable element in all uncontaminated and contami-
nated soils considered in this study, whereas Co, Ti, and Sn high-
lighted the lower extractability potential. Arsenic was the only 
element with a wide range of extractability potential according 
to the considered soil. Formulated glyphosate showed similar 
pattern as unformulated glyphosate with the same concentration 
(Fig. 4c), while AMPA decreased the influence on the extract-
ability potential compared to glyphosate, reducing differences 
observed between the soils studied (Fig. 4d).

Discussions

Influence of glyphosate on trace element mobility 
in uncontaminated soil

The application of glyphosate in uncontaminated soil sam-
ples frequently 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−1 of glyphosate, despite not always statistically signifi-
cant differences due to the low number of replicates and the sta-
tistical tests used. Some of these observations have already been 
documented (e.g., As, Cd, Cu, Ni, and Pb; Barrett and McBride 
2006; Divisekara et al. 2018; Morillo et al. 2000), 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 et al. 1978). For some elements 
(e.g., Ba and Zn), an increasing mobility was only observed 
when the concentration of glyphosate reached 100 mg L−1. 
Although these two tested concentrations are not commonly 
found in soil solutions (glyphosate concentrations are generally 
below 1 mg L−1 in soil solution samples and decrease dramati-
cally with soil depth; Borggaard and Gimsing 2008; Veiga et al. 
2001; Vereecken 2005), 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 con-
centrations after spraying than the commonly reported soil solu-
tion 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 heterogeneity 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 content).

Among the trace elements considered, we highlighted 
different groups with comparable masses following the 
same behaviours regarding their interaction with glyphosate 
(Fig. 2): e.g., Ti, Mn, Cr, Co, and V (light elements) or Cd, 
Sb, 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 (Borggaard 
et al. 2019; Martínez and McBride 1999; Wong et al. 2007) 
that highlights their affinity for organic compounds, such as 
organic pollutants (including glyphosate), resulting in ele-
ment mobility enhancement (Fig. 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 organic 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 chemi-
cal features, however, are pointed out as important factors 
controlling their sorption capacity, such as electronegativity, 
charge/radius ratios and related Goldschmidt categories, or 
hydrolysis constant (Covelo et al. 2004; Goldschmidt 1937; 
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McBride 1994). The element origin (e.g., lithogenic ele-
ments 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−1 compared to 100 mg L−1 
for 11 of the 15 elements considered (especially for Co, Cr, 
Mn, Pb, Sn, Ti, and V; Fig. 2). Note that the glyphosate con-
centration in the post-extraction solution was lower for the 
20 mg L−1 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−1 modality 
(Fig. 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. The antagonist pro-
cesses between trace element mobilization by free glypho-
sate and trace element binding by sorbed glyphosate could 
explain the non-linear response between applied glyphosate 
concentration and trace element mobility. 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 intermedi-
ate behaviours. Moreover, only formulated glyphosate was 
considered in Divisekara et al. (2018) which makes the com-
parison potentially difficult. Further investigations are thus 
required to confirm or refute this hypothesis, with particular 
focus on the structure of the soil-trace element-glyphosate 
complexes.

Influence of glyphosate on trace element mobility 
in contaminated soils

Influence of glyphosate on trace element mobility in anthro-
pogenically contaminated soils (i.e., Sainte-Walburge and 
Bressoux) highlighted similar groups as observed in the 
uncontaminated soil (Fig. 2), involving similar geochemi-
cal behaviours. The effect of glyphosate, however, was lower 
compared to Vieusart soil, particularly at 100 mg L−1 of 
glyphosate where no influence was evidenced for 50% of 
the elements 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 considered; Figs. 1 
and 3), frequently observed in human-induced contaminated 
soils (Rauret 1998; Sungur et al. 2014), making the influence 
of glyphosate negligible for many elements. Indeed, the over-
all influence of 20 mg L−1 of glyphosate decreased with the 
contamination level, i.e., Vieusart > Sainte-Walburge > Bres-
soux. In an absolute point of view, however, the same molar 
concentration of glyphosate mobilizes a higher proportion 
of trace elements in anthropogenically-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). Con-
versely, Cu presented a higher mobility with glyphosate in 
anthropogenically contaminated soils compared to Vieusart 
soil. Again, this may result from the high affinity of Cu with 
organic compounds (Gao et al. 1997; Manceau and Matynia 
2010; Sposito et al. 1979), including glyphosate. Note that 
Cu belongs to the most mobile elements (along with As, Mo, 
Sb, and Zn according to the control data; Fig. 4), we suspect 
potential environmental and health risks due to available 
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 extract-
ability ratios (Fig. 2) likely results from a similar industrial 
source: both are frequently emitted from metallurgical and 
extractive industry along with Pb and Cu among others (Cox 
et al. 2002; Helios Rybicka 1996). The nature of soil con-
tamination 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 (Dousset et al. 2007; 
Maqueda et al. 2002; Morillo et al. 2000) and the chelating 
effect of glyphosate on the Cu extractability and sorbabil-
ity (Barrett and McBride 2006; Glass 1984; Morillo et al. 
2002). Yet, we have demonstrated that Cu, one of the most 
investigated elements in published glyphosate experiments, 
exhibits a unique biogeochemical behaviour that cannot be 
extrapolated to other elements.

In the naturally enriched soil (i.e., Aubange), the influ-
ence of glyphosate on the trace element mobility may be 
related to either the uncontaminated soil (e.g., Cu without 
drastic enhancement with glyphosate) or anthropogenically 
contaminated soils (e.g., low influence for the other ele-
ments; Fig. 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.

Influence of formulated glyphosate and AMPA 
on trace element mobility

When glyphosate is formulated, its influence on trace ele-
ment 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 significant dif-
ference; Fig. 2). We proposed several hypotheses for this 
contrasted result: (1) a complex formation between glypho-
sate and the co-formulant that would limit the availability 
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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 observed for detergents with charged hydro-
philic groups (Chittleborough 1980) that are frequently used 
as co-formulant, which promotes element mobility (positive 
effect); or (4) changed surface properties of soil particles 
due to the co-formulant (positive or negative effect). Indeed, 
glyphosate concentration in the solution after the experiment 
systematically increased in presence of the co-formulant 
(Figs. 1 and 3). Since there was no evidence for glypho-
sate 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 com-
mon role of the co-formulant that is to increase lipophilic-
ity, usually by detergent effect; it would thus decrease the 
glyphosate affinity for charged soil surfaces. The influence of 
the formulation, however, changed along the contamination 
level: from an average lower effect compared to unformu-
lated 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 glyphosate is always applied as a formulated product 
in the field, it is expected that investigating unformulated 
glyphosate in controlled environment leads to overall under-
estimations in contaminated soils. In addition, some highly 
toxic elements (e.g., As, Cd, or Pb) are generally more 
mobile with formulated glyphosate, encouraging the ele-
ment bioavailability and their adverse impacts on human 
and environmental health.

In comparison to unformulated and formulated glypho-
sate, AMPA showed a lower influence on trace element 
mobility. Here, distinct groups of elements were evidenced, 
suggesting other processes involved in the trace element-
AMPA interactions (Fig. 2). We hypothesize that (1) com-
plexes 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 ele-
ments resulting in empty sites on the exchange complex for 
less mobile ones (Bloem and Vogler 2018). The concentra-
tions 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 influ-
ence on the trace element mobility), this mainly leads to the 
second hypothesis. Note that we compared glyphosate and 
AMPA with the same mass concentration: 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 path-
ways (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 oxyanions. 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; Fig. 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 elec-
tronegativity, an important feature for complex formation. 
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.

Conclusions

In a context of multi-contaminated agricultural soils (i.e., 
both trace elements and pesticides), it is required to under-
stand the role of pesticides, such as glyphosate, on trace 
element dynamics. In this study, we observed increasing 
element (particularly for As, Cd, Cu, and Ni) mobility from 
soil to water with glyphosate solution concentration of 20 
and 100 mg L−1 in a batch experiment, i.e., glyphosate con-
centration comprised between solutions applied to the field 
and soil solutions collected in the field. We thus expect a 
potential increase of trace element availability after glypho-
sate treatment. The effect was higher for the uncontaminated 
soil compared to both the anthropogenically contaminated 
and naturally enriched soils considered. This likely results 
from the higher element extractability without glyphosate in 
highly contaminated 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 degradation of glypho-
sate is preferable for an environmental point of view. These 
results need to be validated in more realistic conditions.
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