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ABSTRACT

Glyphosate IN-phosphonomethyl]glycine is a systematic, non-diglecorganophosphorus herbicide used
worldwide in agriculture and industrial zones. Buling its application, residues of glyphosate dardten
soil or aquatic organisms in adjacent water. Irs thiudy, we followed the degradation, stabilization
remobilization and leaching dfC-glyphosate in three agricultural soils in laborgtincubations and

in lysimeters under field conditions. Glyphosategmalation was relatively rapid with a half-life of
14.5 days in the silt clay loam soil incubated &@°Q. Glyphosate’s degradation product,
Aminomethylphosphonic Acid (AMPA), represented mdhan 85% of residues after 80 days of
laboratory incubation. Leaching of glyphosate isilgeters of three different investigated soils unde
outdoor conditions was very slow, less than 1%hef initial applied amount has been detected in the
leachates after 100 days of experimentation. Glgpt® rapidly formed non-extractable residues after
treatment. In summary, glyphosate was removed fsorhvery rapidly and its leaching seems to be
very slow regardless the type of treated soil. Dndther hand, the contamination risk of groundwate
with its metabolite AMPA at long term is probablyealto the release of the non-extractable residues.
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1. INTRODUCTION water resources has been reported in several Stibieit
at low concentrations (Cougeal., 2012; Malaguerret al.,
Glyphosate IN-phosphonomethyl]glycine is a 2013). However, information on the residues dynaroic
nonselective organophosphorous herbicide, the mosglyphosate and AMPA in agricultural soil is stitasce.
used active ingredient worldwide in agricultural, Extraction and determination of glyphosate is aslyical
silvicultural and industrial zones (Kryuchkow al., challenge because of its high solubility (abousIL™ in
2014; Van Stempvoost al., 2014; Morencet al., 2013).  water) and its other physico-chemical propertiesg L
Introducing the transgenic crops (maize, cotton, Koc values (3.4-3.7), half-life varies from 6 to W@eks
potatoes and soybean) resistant to glyphosate was ain water and from 1 to 9 weeks in soil (Botero-Gbwl.,
additional factor to increase dramatically its use 2013; Coupest al., 2012; Strugeet al., 2008). After the
worldwide (Aparicio et al., 2013 Panettieriet al., application of glyphosate for weed control, a paft
2013 Imfeld et al., 2013; Abubakaret al., 2011; herbicide reaches the target plants and another par
Wiatrak and Chen, 2011; Mercuriet al., 2014). settles on the soil. Therefore, a part of glyphesail
Detection of glyphosate and its principal degramiati be absorbed by the soil constituent and anothenyitr
product Aminomethylphosphonic Acid (AMPA) in still available in the soil solution (Guimorgt al.,
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2005). The available residues of glyphosate in soil Glyphosate IN-phosphonomethyl]glycine, purity 99%
solution will be either mineralized or transferreal was purchased from Cluzeau (CIL, Paris).
groundwater through the soil. The physicochemical Aminomethylphosphonic Acid (AMPA), 10 ng [tlin
properties of the soil, its biological activity amdher ~ water, was purchased from (Dr. Ehrenstorfer GmbH,
chemical and biochemical reactions lead to theGermany). SarcosineNimethylglycine], purity 99%
degradation of the herbicide (Al-Rajabal., 2008). was purchased from Fluka (Germany}P#,, FMOC-

Degradation of glyphosate is relatively rapid ie th chloride, — Potassium  hydroxyde —and Sodium
soil, which could be a limiting factor to contamiea tetraborate decahydrate were purchased from Fluka

the solution of soil and groundwater by glyphosate (Germany). Methanol and acetonitrile (HPLC grade)
(Van Stempvoorgt al., 2014). On the other hand, this Were purchased from SDS (France).

rapid degradation could increase the risk of pmiuby ;

its metabolites: AMPA and sarcosine (Al-Rajatal., 2.2. Sampling
2008; Landry et al., 2005). Only the complete Soils used in this study were obtained from three
mineralization of a pesticide could eliminate iskrfor a different agricultural lands in Lorraine region éRce).
potential environmental pollution (Getenga, 2004). Therefore, based on information provided by the
Glyphosate is strongly adsorbed to soil with \alues landowners, these soils were never exposed to tdirec
between 16.6 and 34.5 (Coquet, 2003; Al-Ragahl., agricultural application of glyphosate and theipgerties
2008). The strong sorption of glyphosate to sod #re were as following: Sandy loam soil (sand:Silt:Clay
rapid formation of non-extractable residues inaetme (59:30:11), pH 5.1; % organic matter 0.82); silaycl
stabilization of compound in the soil and decreghseshort ~ loam soil (sand:Silt:Clay (16:53:31), pH 6.3; % ani
term water pollution (Landrgt al., 2005). These residues matter 1.45); and clay loam soil (sand:Silt:Clay
could be remobilized at long term and could reduoh t (35:30:35), pH 7.9; % organic matter 1.91).
groundwater at low concentrations (Al-Rajab al., In the laboratory studies, soils were air driednthe
2010a; Coupet al., 2012; Candelat al., 2007). sieved at 2 mm and stored in fridge at 4°C until

Detection of glyphosate and its metabolite AMPA in treatment. Otherwise, in the outdoor leaching study

water resources have been reported in France dtiveng  lysimeters were prepared in site using an undistlidwil
years 2003-2004 at concentrations higher than @.°h  for each type of soil separately, a total of 7 aubs of
which is the EC limit (Landryet al., 2005). The each soil were used in this study. Lysimeters were
occurrence of glyphosate in the surface water inteyn ~ polyvinyl chloride pipes of 10 cm wide and 35 cmgdo
Ontario (Canada) has been reported in 2008 shotvitg ~ Therefore, the 21 lysimeters of the three selestts
the detected concentrations of glyphosate were g5 Wwere placed in the experimental field of ENSAIA §80

L™ in a total of 502 samples collected during 2 yearsVandoeuvre-lés-Nancy, France) for 100 days.
(Struger et al., 2008). Glyphosate and AMPA were .
detected in Canadian riparian groundwater samplesz'?" Extraction of Glyphosate

collected in 2009 at maximum concentrations of D.04 The efficacy of different solvents for extractiofi o
and 2.87 pg L for glyphosate and AMPA respectively glyphosate from soil was evaluated as follows. Ay 5
(Van Stempvoortet al., 2014). Also, detection of portion of each sail (in triplicate) was treatecttwa 0.5
glyphosate has been reported in about 20 streams ifn| solution of HO (concentration of 19.4 Bqy of
midwestern states at concentration above 0.1 Hgud [Phosphonomethyl*C]-glyphosate and 0.1 pg™gof
83% of streams had detectable concentrations of AMP ynjapelled glyphosate. Treated soil was placedar2s0
(Battaglinet al., 2005). _ _ mL PPCO (Nalgene®, VWR, USA) centrifuge bottle

_ Information on residue dynamics of glyphosate in ang 25 mL of selected solvent were added. Fivenifit
different types of soil is scarce. Within this @i our  govents were tested separately for the glyphosate
objectives in this study were to gather information gyiraction efficacy: Ammonium oxalate monohydrate
concerning the persistence, dissipation pathwagshing, 0.1M; potassium dihydrogen phosphate (RB;) 0.1M:

stabilization and remobilization of glyphosateail.s a mixture of (NHOH 0.5M+ KHPOQ, 0.1M+HPO,
0.5%); CaC} 0.1M and distilled water. Bottles were
2. MATERIALSAND METHODS rotary shaken for 2 h, then centrifuged at 500@rg20
. min, the supernatant of each sample was recovered.
2.1. Chemicals Extraction of each sample as been repeated twhee, t
[Phosphonomethy’l‘-‘C]-egphosate diluted, purity supernatants of the same sample were combined and a
99% was purchased from ARC-ISOBIO (Belgium). portion of 1 mL counted by Liquid Scintillation Cot@r
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(LSC). Thereafter, extraction of glyphosate fronil so of 500 pL. The mobile phase was a mixture of {R6,
samples was effectuated with (K#0,) 0.1M. 0.05 mol L, pH 5.7)/acetonitrile (70/30: V/V) at flow rate
. of 0.8 mL min™. The injected volume was 50 uL. Within
2.4. Laboratory Degradation Study these conditions, the retention times were 4.2a6613.3
About 25-g soil samples were placed in glass ja@s ( for sarcosine, AMPA and glyphosate respectively.
mm diametex40 mm high). Samples of silt clay loam Determination of the non-extractable residues ih f=as

soil were prepared in triplicates for each samptingg. been effectuated by combustion of 0.5 g portiorB0&8°C
Each sample was amended by 0.51 mg of glyphosdte anusing an oxidizer (Packard, USA).
45.1 kBq in water. Final soil moisture was 80% Ioé t Statistical analyses were conducted using Stat Box

soil retention capacity. After treatment, each demyas (Version 6.4, Grimmer Software, France).
added to a Mason jars (1.5 L). At the same tinastic

vial of 10 mL HO was added to each jar in order to 3.RESULTS
maintain the humidity of soil (Al-Rajaket al., 2009).

Another plastic scintillation vial with 10 mL of ®.N 3.1. Extraction of Glyphosate

NaOH was placed into each jar for trappiigO,. Jars Extraction recover ,

. o y of glyphosate varied from 4 to
were m<_:qbated at 20.C in the dark for 80 days. The74% of the initial applied amounT éble 1). CaC} (0.1
radioactivity trapped in NaOH was counted at each M) and water were the less effective solvents in

sampling time using a Liquid Scintillation Counte3C : ; : : :
X glyphosate extraction in the three investigatedssoi
Packard Tri-Carb 1900 CA (Packard, USA). 1 mL of However, ammonium oxalate (0.1 M) was the most

NaOH was added to 10 mL of scintillation cocktaila efficient solvent with a recovery rate ranged fréthto

plastic scinti_llation Vi?" to measure th? radioaityi in 74%. The only issue with the extraction with amnoomi
the LSC during 10 min. At each sampling date, they2 oxalate that the extracts were very dark and need a

soil samples were extracted separately using KH2BO4 . ; :

! . ; intensive clean up. On the other hand, potassium
degcrlbed preV|oust: Then, after the 3rd anddmactlon, dihydrogen phosphate (RO, 0.1 M) was adopted as a
soil samples were a|r.-d_r|ed at the Ia_b .a”?b'e”t WEIe g jitable solvent since the extracts were clear @nd
for 3 days. The remainingiC-radioactivity in thel SI gmples showed an acceptable recovery rate varied fromo45 t
after extraction was referred as (non-extract ues) 49% in investigated soilsT@ble 1). Recovery rate with

\é)vhickh v;acs) dlsltermigedkby dcoLGSt/)Al\Jstion at 900°C usigga citric acid (20%) was not high enough (less thafoB7
ackard Oxidiser (Packard, )- for the three investigated soils.

2.5. Leaching Study

Lysimeters were prepared and placed in the Regyits showed an immediate and high degradation
experimental field of Lorraine University (Franc) rate of glyphosate after its application on thd &Big.
months before the treatment. During the experintienta 1), Mineralization of glyphosate after 17 days of
of 100 days, the average temperature was 10°C} totaincubation reached 39.7% of the initial amount agapl
precipitation was 235 mm; in total 8 leachates damp Thereafter, the mineralization of glyphosate dexdin
were collected. Leached radioactivity from eaclinigter ~ gradually. The half-life of glyphosate derived frdfre
was determined directly after collection, Therefawater ~ Mineralization rates was 31 days for silt clay losoil.

3.2. Dissipation of Glyphosate

samples were stored at -18°C until analysis. However, the extraction curves are opposite toehufs
_ the mineralizationKig. 2).
2.6. Analytical M ethods The percentage of extracted residues from the silt

clay loam soil at TO was only 5&9.7%. This

14 . .. . . . .
C-Radioactivity has been determined using a Liquid availability to extraction decreased overtime,eached

Scintillation Counter LSC. Glyphosate residues Were 5 90s of the initial amount for silt cla :

i . . ) . . y loam saHPLC
determined using a Varian HPLC (USA) equipped With 5,5 sis showed the appearance of two degradation
detectors: A_ﬂuorescence detector andg-emdioactivity products of glyphosate AMPA and sarcosine. However,
detector. A Lichrosorb (N column (4x250 mm, 5 UM)  this analysis of glyphosate residues by HPLC did no

purchased from (?IL-Cqueau, France) was used andyjlow us to measure the sarcosine because itstigaten
thermostated at 30°C. Fluorescence detector waat @t time was too short and equa| that of co-eluted and

260 and 310 nm), while the flow rate of 1.2 mL thiwas unlabelled organic compounds. The half-life of
adopted in th@-radioactivity detector with a counting cell glyphosate extractable was 14.5.
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Table 1. Extraction efficiency of glyphosate from the sébecsoils using different solvents
Extraction efficiency (%: Meanzstandard deviatians 3)

Solvent Sandy loam Silt clay loam Clay loam
KH,PO, (0.1M) 44.9 (0.3) 48.8 (+0.7) 48 (x0.5)
Ammonium oxalate (0.1 M) 59.9 (x0.7) 73.5 (x0.2) B0.1)
Citric acid (20%) 34.2 (£0.1) 36.4 (£0.2) 28.9 (0.2
CaCb (0.1 M) 5.7 (x0.5) 3.6 (x0.9) 10.3 (20.6)
H,O 14.3 (x0.2) 23.5 (x0.1) 31.7 (x0.1)
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Fig. 1. Residues evolution of glyphosate and AMPA in thieaetable residues in silt clay loam soil duringubation at 20°C
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Fig. 2. Evolution of different portions of'C-glyphosate residues (extractable, mineralizat®H{@0, and Non extractable) in silt
clay loam soil during incubation at 20°C
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Fig. 3. Radioactivity leached from lysimeters of the inigated soils treated witHC-glyphosate under outdoor conditions

The fraction of non-extractable residues repretient
residues which cannot be extracted from the soithiey
series of KHPQ, extractions (exhaustive extraction)

ranged from 60 to 74%. The only issue with the
extraction with ammonium oxalate that the extrastse
very dark and need an intensive clean up. On therot

(Fig. 2). The formation of the non-extractable residues hand, potassium dihydrogen phosphate {R®&, 0.1

NER in the silt clay loam soil reached 43% of thitial
applied amount at TO and 49.4% at T1. The rateestay
stable until T2 after which it decreased to 30.9¢4He
end of experiment.

3.3. Leaching of Glyphosate

Our study showed that the residues of glyphosate we
detected in the first leachates samples of thrde, she
cumulated precipitation was 85 mm. In the casdltotlay
loam soil, the maximum residues concentration fBug

M) was adopted as a suitable solvent since theaetstr
were clear and it showed an acceptable recovegy rat
varied from 45 to 49% in investigated soilBable 1),

this rate was similar to that one reported by aothe
studies (Cheah and Lum, 1998; Landtyal., 2005).
Recovery rate with citric acid (20%) was not high
enough (less than 37%) for the three investigatéis.s
Non-extractable residues of glyphosate in soil éase
with the time; consequently, glyphosate will besles
available for extraction or degradation.

L* has been reached after 2 months of application.g 2 Dissipation of Glyphosate

Concentration of leached residues decreased dcathati
after 2 months until the end of experimédrig( 3).

4. DISCUSSION

4.1. Extraction of Glyphosate
Extraction and determination of glyohosate in
agricultural soil is problematic due to its highugulity

and its physic-chemical properties (Botero-Gayal.,

Monitoring of mineralization of glyphosate labelled
on the phosphonomethyl group allows assessingtheth
loss of glyphosate and AMPA. We observed an
immediate and high degradation rate of glyphosttr a
its application on the soilF{g. 1). The absence of lag
phase indicates that the microflora of soil alrehdy an
enzymatic system capable of degrading glyphosateaan
such did not need an adaptation period. Mineradinatf

2013). In the present study, extraction recovery of9dlyphosate after 17 days of incubation reached8%7

glyphosate varied from 4 to 74% of the initial apgl
amount Table 1). CaC} (0.1 M) and water were the less
effective solvents in glyphosate extraction in these
investigated soils. However, ammonium oxalate (@)1

the initial amount applied. Thereafter, the minieeion
of glyphosate declined gradually. The fast mineedion
of glyphosate in the soil appears due to its bitalviity.

The half-life of glyphosate derived from the

was the most efficient solvent with a recovery rate mineralization rates was 31 days for silt clay losoit. On
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the other hand, the effect of organic matter cdntethe NER in the silt clay loam soil reached 43% of thitial
soil on mineralization of glyphosate was not claader applied amount at TO and 49.4% at T1. The rateestay
the conditions of this study. The extraction rate o stable until T2 after which it decreased to 30.9te
glyphosate is an indication of the accessibilitytbé  end of experiment. The rate of non-extractabledues
residues for microbial degradation and/or theingfar to ~ decreased over time unlike other pesticides such as
groundwater under natural conditions. The extractio atrazine where the rate of non-extractable residues
curves are opposite to those of the mineralizgfion 2). increases gradually over dozens of days (Winkelmann

The percentage of extracted residues from the silt1991). The rate of non-extractable residues is aishb
clay loam soil at TO was only 580.7%. We can dependent on the properties and physical aspedtseof
assume that the treatment in a dry soil may camse aSoils including the size of the microporal compaetin
entry of glyphosate into the microporisity of aggmees ~ This rapid formation of non-extractable residues
during the capillary invasion by the aqueous solutbf ~ immediately after treatment is very specific for
treatment (Guimongt al., 2005; Al-Rajaket al., 2010b).  glyphosate. The treatment of herbicide on a dry soi
The size of this compartment would be defined at th Promotes the capillary invasion and the rapid toansof
time of treatment and may depend on thethe solution of treatment in the microporisity antr
physicochemical and physical properties and theagdgregate, subsequently —making the herbicide
moisture rate of soil at the application momentisTh inaccessible for extraction (Guimost al., 2005). We
availability to extraction decreased overtime,géached ~ also reported that the initiation of the degradatiuf
6.9% of the initial amount for silt clay loam soithe  glyphosate did not affect the evolution of extraéta
evolution of extraction rate with Ki®O, over time in  residues rate. The very slow decrease of non-eatrc
the soil is related to the mineralization of resislitand ~ residues showed that these residues can return by
the availability of non-extractable residues for diffusion and under the effect of a concentration
mineralization or extraction. A similar behaviouf o gradient, to areas accessible to microorganisms to
extractable residues of glyphosate over time wassubsequently undergo mineralization.
reportgd by (Getenga, 2004; Miles, 1998). HPL_C 4.3. Leaching of Glyphosate
analysis showed the appearance of two degradation
products of glyphosate AMPA and sarcosine. However, This study showed that water circulation in thel soi
this analysis of glyphosate residues by HPLC ditl no might has an important role in contamination of
allow us to measure the sarcosine because itstiosten groundwater with glyphosate. The diminution of soil
time was too short and equal that of co-eluted andmacroporosity on the surface layer (where mostives
unlabelled organic compounds. usually present) with the time slows the wateritiafiion

The appearance of AMPA during the first days of and might encourage the desorption of glyphosate
incubation is due the fast mineralization of glypai in  residues. The circulation of glyphosate residuesdit
soil, reaching about 85.1% of residues after 80sdafy ~ could be due to a preferential water flow regardihg
treatment Fig. 1). Our results are consistent, to some presence of its residues in the 1st collected &asitig.
extent, with those obtained by (Cheah and Lum, 1998 3). In disaccording with results reported by (Dotssal.,
who reported the rate of AMPA in the extracts saady  2004), our study showed that the residues of glyateo
loam soil increased gradually over incubation tiamel were detected in the first leachates samples eéthoils,
reached 50% of residues after 45 days of treatrfént.  the cumulated precipitation was 85 mm. Detection of
half-life of glyphosate extractable was 14.5, tadue is  glyphosate residues in the 1st leachates was dtieeto
in accord with the half-lives of 6 to 9 days regdrtin preferential flow (Laitineret al., 2006). In the case of silt
other study for glyphosate in four agricultural Isoi clay loam soil, the maximum residues concentratn
incubated at 25°C (Eberbach, 1998) as well as h2 1 9.5£7 pg L' has been reached after 2 months of
days half-life observed in a sandy loam soil byg@thand ~ application. However, (De Jonge and Jacobsen, 2000)
Lum, 1998). However, much longer half-lives havsoal have reported residues concentration of glyphoseateh
been reported by (Getenga, 2004) whereby the #i@lf-l higher than what was obtained from the currentystud
of glyphosate was 85.6 days in a clay soil. Concentration of leached residues decreased

The fraction of non-extractable residues reprettent ~ dramatically after 2 months until the end of expemt
residues which cannot be extracted from the soittey ~ (Fig. 3). Our findings were in accord with results
series of KHPQ, extractions (exhaustive extraction) reported by (De Jonge and Jacobsen, 2000; Lagtdhty,
(Fig. 2). The formation of the non-extractable residues 2005) who detected the glyphosate residues in dle s
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leachates after 3 months of application. Overhaé, total
residues (extractable and non-extractable) of gigpte

in the soil should be considered to evaluate its
persistence in the soil, not only the extractabidues.

5. CONCLUSION

AL-Rajab, A.J., L. Sabourin, A. Scott, D.R. Lapemda
E. Topp, 2009. Impact of biosolids on the
persistence and dissipation pathways of triclosan
and triclocarban in an agricultural soil. Sci. Tota
Environ., 407: 5978-5985. DOI:
10.1016/j.scitotenv.2009.08.003

AL-Rajab, A.J., L. Sabourin, D.R. Lapen and E. Topp

The present study monitored the residue dynamics of ~ 2010b. The non-steroidal anti-inflammatory drug

glyphosate in agricultural soil in controlled andtaoor
conditions. Results obtained for the fate studygesy
that the water pollution with this herbicide is sty

diclofenac is readily biodegradable in agricultural
soils. Sci. Total Environ., 409: 78-82. DOI:
10.1016/j.scitotenv.2010.09.020

related to the adsorption and the formation of ”O”'AL-Rajab A.J., L. Sabourin, R. Chapman, D.R. Lapen

extractable residues, which are themselves depeden
soil texture and its moisture condition at the timie
treatment. In case of rain following treatment, tis& of
groundwater pollution by glyphosate will be low boay

continue to be present for long time since the

mineralization is slow. The silt clay loam soil ¢tdbe
less favourable for water pollution since it showaed
formation of large amount of non-extractable resglun
the semi-field lysimeters study, leaching of glygdie was

and E. Topp, 2010a. Fate of the antiretroviral drug
tenofovir in agricultural soil. Sci. Total Envirgn.
408: 5559-5564. DOI:
10.1016/j.scitotenv.2010.07.074

AL-Rajab, AJ., S. Amellal and M. Schiavon, 2008.

Sorption and leaching of'“C-glyphosate in
agricultural soils. Agronomy Sustainable Dev., 28:
419-428. DOI:10.1051/agro:2008014

limited, but its metabolite AMPA seems to be theirma Aparicio, V.C., E. De Geronimo, D. Marino, J. Prisho

potential pollutant of the groundwater. The wabtanuation
mode in the soil was preferential flow which faatie a fast
leaching of residues to reach the groundwater.

and P. Carriquiribordet al., 2013. Environmental
fate of glyphosate and aminomethylphosphonic acid
in surface waters and soil of agricultural basins.

In summary, these results suggest that the  Chemosphere, 93: 1866-73. DOI:
organophosphorus herbicide glyphosate is rapidly 10.1016/j.chemosphere.2013.06.041, PMID:
degradable in the agricultural soil. Leaching of 23849835

glyphosate seems to be very slow regardless theedfp Battaglin, W.A., D.W. Kolpin, E.A. Scribner, K.M.
the soil. Release of the non-extractable residukes o

glyphosate probably increases the risk of grounerwat
pollution with its metabolite AMPA at long term. vi®
investigations are requested for a better undedsigrof
the effect of soil content of organic carbon and so
microflora on environmental behavior of glyphosate.
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