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ABSTRACT
Glyphosate [N-phosphonomethyl]glycine is a systematic, non-selective, organophosphorus herbicide used
worldwide in agriculture and industrial zones. Following its application, residues of glyphosate can threaten
soil or aquatic organisms in adjacent water. In this study, we followed the degradation, stabilization,
remobilization and leaching of 14C-glyphosate in three agricultural soils in laboratory incubations and
in lysimeters under field conditions. Glyphosate degradation was relatively rapid with a half-life of
14.5 days in the silt clay loam soil incubated at 20°C. Glyphosate’s degradation product,
Aminomethylphosphonic Acid (AMPA), represented more than 85% of residues after 80 days of
laboratory incubation. Leaching of glyphosate in lysimeters of three different investigated soils under
outdoor conditions was very slow, less than 1% of the initial applied amount has been detected in the
leachates after 100 days of experimentation. Glyphosate rapidly formed non-extractable residues after
treatment. In summary, glyphosate was removed from soil very rapidly and its leaching seems to be
very slow regardless the type of treated soil. On the other hand, the contamination risk of groundwater
with its metabolite AMPA at long term is probably due to the release of the non-extractable residues.
Keywords: Glyphosate, AMPA, Soil, Persistence, Leaching
water resources has been reported in several studies albeit
at low concentrations (Coupe et al., 2012; Malaguerra et al.,
2013). However, information on the residues dynamics of
glyphosate and AMPA in agricultural soil is still scarce.
Extraction and determination of glyphosate is an analytical
challenge because of its high solubility (about 10.5 g L−1 in
water) and its other physico-chemical properties: Log
Koc values (3.4-3.7), half-life varies from 6 to 10 weeks
in water and from 1 to 9 weeks in soil (Botero-Coy et al.,
2013; Coupe et al., 2012; Struger et al., 2008). After the
application of glyphosate for weed control, a part of
herbicide reaches the target plants and another part
settles on the soil. Therefore, a part of glyphosate will
be absorbed by the soil constituent and another part will
still available in the soil solution (Guimont et al.,

1. INTRODUCTION
Glyphosate [N-phosphonomethyl]glycine is a
nonselective organophosphorous herbicide, the most
used active ingredient worldwide in agricultural,
silvicultural and industrial zones (Kryuchkova et al.,
2014; Van Stempvoort et al., 2014; Moreno et al., 2013).
Introducing the transgenic crops (maize, cotton,
potatoes and soybean) resistant to glyphosate was an
additional factor to increase dramatically its use
worldwide (Aparicio et al., 2013; Panettieri et al.,
2013 ; Imfeld et al., 2013; Abubakar et al., 2011;
Wiatrak and Chen, 2011; Mercurio et al., 2014).
Detection of glyphosate and its principal degradation
product Aminomethylphosphonic Acid (AMPA) in
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Glyphosate [N-phosphonomethyl]glycine, purity 99%
was purchased from Cluzeau (CIL, Paris).
Aminomethylphosphonic Acid (AMPA), 10 ng µ L-1 in
water, was purchased from (Dr. Ehrenstorfer GmbH,
Germany). Sarcosine [N-methylglycine], purity 99%
was purchased from Fluka (Germany). H2PO4, FMOCchloride, Potassium hydroxyde and Sodium
tetraborate decahydrate were purchased from Fluka
(Germany). Methanol and acetonitrile (HPLC grade)
were purchased from SDS (France).

2005). The available residues of glyphosate in soil
solution will be either mineralized or transferred to
groundwater through the soil. The physicochemical
properties of the soil, its biological activity and other
chemical and biochemical reactions lead to the
degradation of the herbicide (Al-Rajab et al., 2008).
Degradation of glyphosate is relatively rapid in the
soil, which could be a limiting factor to contaminate
the solution of soil and groundwater by glyphosate
(Van Stempvoort et al., 2014). On the other hand, this
rapid degradation could increase the risk of pollution by
its metabolites: AMPA and sarcosine (Al-Rajab et al.,
2008; Landry et al., 2005). Only the complete
mineralization of a pesticide could eliminate its risk for a
potential environmental pollution (Getenga, 2004).
Glyphosate is strongly adsorbed to soil with Kf values
between 16.6 and 34.5 (Coquet, 2003; Al-Rajab et al.,
2008). The strong sorption of glyphosate to soil and the
rapid formation of non-extractable residues increase the
stabilization of compound in the soil and decrease the short
term water pollution (Landry et al., 2005). These residues
could be remobilized at long term and could reach the
groundwater at low concentrations (Al-Rajab et al.,
2010a; Coupe et al., 2012; Candela et al., 2007).
Detection of glyphosate and its metabolite AMPA in
water resources have been reported in France during the
years 2003-2004 at concentrations higher than 0.1 µg L−1
which is the EC limit (Landry et al., 2005). The
occurrence of glyphosate in the surface water in southern
Ontario (Canada) has been reported in 2008 showing that
the detected concentrations of glyphosate were <65 µg
L−1 in a total of 502 samples collected during 2 years
(Struger et al., 2008). Glyphosate and AMPA were
detected in Canadian riparian groundwater samples
collected in 2009 at maximum concentrations of 0.042
and 2.87 µg L−1 for glyphosate and AMPA respectively
(Van Stempvoort et al., 2014). Also, detection of
glyphosate has been reported in about 20 streams in
midwestern states at concentration above 0.1 µg L−1 and
83% of streams had detectable concentrations of AMPA
(Battaglin et al., 2005).
Information on residue dynamics of glyphosate in
different types of soil is scarce. Within this context, our
objectives in this study were to gather information
concerning the persistence, dissipation pathways, leaching,
stabilization and remobilization of glyphosate in soil.

2.2. Sampling
Soils used in this study were obtained from three
different agricultural lands in Lorraine region (France).
Therefore, based on information provided by the
landowners, these soils were never exposed to direct
agricultural application of glyphosate and their properties
were as following: Sandy loam soil (sand:Silt:Clay
(59:30:11), pH 5.1; % organic matter 0.82); silt clay
loam soil (sand:Silt:Clay (16:53:31), pH 6.3; % organic
matter 1.45); and clay loam soil (sand:Silt:Clay
(35:30:35), pH 7.9; % organic matter 1.91).
In the laboratory studies, soils were air dried then
sieved at 2 mm and stored in fridge at 4°C until
treatment. Otherwise, in the outdoor leaching study,
lysimeters were prepared in site using an undisturbed soil
for each type of soil separately, a total of 7 columns of
each soil were used in this study. Lysimeters were
polyvinyl chloride pipes of 10 cm wide and 35 cm long.
Therefore, the 21 lysimeters of the three selected soils
were placed in the experimental field of ENSAIA (54500
Vandoeuvre-lès-Nancy, France) for 100 days.

2.3. Extraction of Glyphosate
The efficacy of different solvents for extraction of
glyphosate from soil was evaluated as follows. A 5 g
portion of each soil (in triplicate) was treated with a 0.5
mL solution of H2O (concentration of 19.4 Bq g−1) of
[Phosphonomethyl-14C]-glyphosate and 0.1 µg g−1 of
unlabelled glyphosate. Treated soil was placed into a 250
mL PPCO (Nalgene®, VWR, USA) centrifuge bottle
and 25 mL of selected solvent were added. Five different
solvents were tested separately for the glyphosate
extraction efficacy: Ammonium oxalate monohydrate
0.1M; potassium dihydrogen phosphate (KH2PO4) 0.1M;
a mixture of (NH4OH 0.5M+ KH2PO4 0.1M+H3PO4
0.5%); CaCl2 0.1M and distilled water. Bottles were
rotary shaken for 2 h, then centrifuged at 5000 g for 20
min, the supernatant of each sample was recovered.
Extraction of each sample as been repeated twice, the
supernatants of the same sample were combined and a
portion of 1 mL counted by Liquid Scintillation Counter

2. MATERIALS AND METHODS
2.1. Chemicals
[Phosphonomethyl-14C]-glyphosate diluted, purity
99% was purchased from ARC-ISOBIO (Belgium).
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of 500 µL. The mobile phase was a mixture of (KH2PO4
0.05 mol L−1, pH 5.7)/acetonitrile (70/30: V/V) at flow rate
of 0.8 mL min−1. The injected volume was 50 µL. Within
these conditions, the retention times were 4.2, 6.6 and 13.3
for sarcosine, AMPA and glyphosate respectively.
Determination of the non-extractable residues in soil has
been effectuated by combustion of 0.5 g portions at 900°C
using an oxidizer (Packard, USA).
Statistical analyses were conducted using Stat Box
(Version 6.4, Grimmer Software, France).

(LSC). Thereafter, extraction of glyphosate from soil
samples was effectuated with (KH2PO4) 0.1M.

2.4. Laboratory Degradation Study
About 25-g soil samples were placed in glass jars (60
mm diameter×40 mm high). Samples of silt clay loam
soil were prepared in triplicates for each sampling time.
Each sample was amended by 0.51 mg of glyphosate and
45.1 kBq in water. Final soil moisture was 80% of the
soil retention capacity. After treatment, each sample was
added to a Mason jars (1.5 L). At the same time, a plastic
vial of 10 mL H2O was added to each jar in order to
maintain the humidity of soil (Al-Rajab et al., 2009).
Another plastic scintillation vial with 10 mL of 0.5 N
NaOH was placed into each jar for trapping 14CO2. Jars
were incubated at 20°C in the dark for 80 days. The
radioactivity trapped in NaOH was counted at each
sampling time using a Liquid Scintillation Counter LSC
Packard Tri-Carb 1900 CA (Packard, USA). 1 mL of
NaOH was added to 10 mL of scintillation cocktail in a
plastic scintillation vial to measure the radioactivity in
the LSC during 10 min. At each sampling date, the 25-g
soil samples were extracted separately using KH2PO4 as
described previously. Then, after the 3rd and last extraction,
soil samples were air-dried at the lab ambient temperature
for 3 days. The remaining 14C-radioactivity in the samples
after extraction was referred as (non-extractable residues)
which was determined by combustion at 900°C using a 307
Packard Oxidiser (Packard, USA).

Extraction recovery of glyphosate varied from 4 to
74% of the initial applied amount (Table 1). CaCl2 (0.1
M) and water were the less effective solvents in
glyphosate extraction in the three investigated soils.
However, ammonium oxalate (0.1 M) was the most
efficient solvent with a recovery rate ranged from 60 to
74%. The only issue with the extraction with ammonium
oxalate that the extracts were very dark and need an
intensive clean up. On the other hand, potassium
dihydrogen phosphate (KH2PO4 0.1 M) was adopted as a
suitable solvent since the extracts were clear and it
showed an acceptable recovery rate varied from 45 to
49% in investigated soils (Table 1). Recovery rate with
citric acid (20%) was not high enough (less than 37%)
for the three investigated soils.

2.5. Leaching Study

3.2. Dissipation of Glyphosate

Lysimeters were prepared and placed in the
experimental field of Lorraine University (France) 3
months before the treatment. During the experimentation
of 100 days, the average temperature was 10°C; total
precipitation was 235 mm; in total 8 leachates samples
were collected. Leached radioactivity from each lysimeter
was determined directly after collection, Therefore, water
samples were stored at -18°C until analysis.

Results showed an immediate and high degradation
rate of glyphosate after its application on the soil (Fig.
1). Mineralization of glyphosate after 17 days of
incubation reached 39.7% of the initial amount applied.
Thereafter, the mineralization of glyphosate declined
gradually. The half-life of glyphosate derived from the
mineralization rates was 31 days for silt clay loam soil.
However, the extraction curves are opposite to those of
the mineralization (Fig. 2).
The percentage of extracted residues from the silt
clay loam soil at T0 was only 56.9±0.7%. This
availability to extraction decreased overtime, it reached
6.9% of the initial amount for silt clay loam soil. HPLC
analysis showed the appearance of two degradation
products of glyphosate AMPA and sarcosine. However,
this analysis of glyphosate residues by HPLC did not
allow us to measure the sarcosine because its retention
time was too short and equal that of co-eluted and
unlabelled organic compounds. The half-life of
glyphosate extractable was 14.5.

3. RESULTS
3.1. Extraction of Glyphosate

2.6. Analytical Methods
14

C-Radioactivity has been determined using a Liquid
Scintillation Counter LSC. Glyphosate residues were
determined using a Varian HPLC (USA) equipped with two
detectors: A fluorescence detector and a β-radioactivity
detector. A Lichrosorb (NH2) column (4×250 mm, 5 µm)
purchased from (CIL-Cluzeau, France) was used and
thermostated at 30°C. Fluorescence detector was set at (λ
260 and 310 nm), while the flow rate of 1.2 mL min−1 was
adopted in the β-radioactivity detector with a counting cell
Science Publications

96

AJES

Abdul Jabbar Al-Rajab and Othman M. Hakami / American Journal of Environmental Science 10 (2): 94-101, 2014
Table 1. Extraction efficiency of glyphosate from the selected soils using different solvents
Extraction efficiency (%: Mean±standard deviation: n = 3)
---------------------------------------------------------------------------------------------------------------------------------------------------------------Solvent
Sandy loam
Silt clay loam
Clay loam
KH2PO4 (0.1M)
44.9 (±0.3)
48.8 (±0.7)
48 (±0.5)
Ammonium oxalate (0.1 M)
59.9 (±0.7)
73.5 (±0.2)
61.1 (±0.1)
Citric acid (20%)
34.2 (±0.1)
36.4 (±0.2)
28.9 (±0.2)
CaCl2 (0.1 M)
5.7 (±0.5)
3.6 (±0.9)
10.3 (±0.6)
H2O
14.3 (±0.2)
23.5 (±0.1)
31.7 (±0.1)

Fig. 1. Residues evolution of glyphosate and AMPA in the extractable residues in silt clay loam soil during incubation at 20°C

Fig. 2. Evolution of different portions of 14C-glyphosate residues (extractable, mineralization as 14CO2 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 investigated soils treated with 14C-glyphosate under outdoor conditions

ranged from 60 to 74%. The only issue with the
extraction with ammonium oxalate that the extracts were
very dark and need an intensive clean up. On the other
hand, potassium dihydrogen phosphate (KH2PO4 0.1
M) was adopted as a suitable solvent since the extracts
were clear and it showed an acceptable recovery rate
varied from 45 to 49% in investigated soils (Table 1),
this rate was similar to that one reported by aother
studies (Cheah and Lum, 1998; Landry et al., 2005).
Recovery rate with citric acid (20%) was not high
enough (less than 37%) for the three investigated soils.
Non-extractable residues of glyphosate in soil increase
with the time; consequently, glyphosate will be less
available for extraction or degradation.

The fraction of non-extractable residues represent the
residues which cannot be extracted from the soil by the
series of KH2PO4 extractions (exhaustive extraction)
(Fig. 2). The formation of the non-extractable residues
NER in the silt clay loam soil reached 43% of the initial
applied amount at T0 and 49.4% at T1. The rate stayed
stable until T2 after which it decreased to 30.9% by the
end of experiment.

3.3. Leaching of Glyphosate
Our study showed that the residues of glyphosate were
detected in the first leachates samples of three soils, the
cumulated precipitation was 85 mm. In the case of silt clay
loam soil, the maximum residues concentration of 9.5±7 µg
L-1 has been reached after 2 months of application.
Concentration of leached residues decreased dramatically
after 2 months until the end of experiment (Fig. 3).

4.2. Dissipation of Glyphosate
Monitoring of mineralization of glyphosate labelled
on the phosphonomethyl group allows assessing both the
loss of glyphosate and AMPA. We observed an
immediate and high degradation rate of glyphosate after
its application on the soil (Fig. 1). The absence of lag
phase indicates that the microflora of soil already had an
enzymatic system capable of degrading glyphosate and as
such did not need an adaptation period. Mineralization of
glyphosate after 17 days of incubation reached 39.7% of
the initial amount applied. Thereafter, the mineralization
of glyphosate declined gradually. The fast mineralization
of glyphosate in the soil appears due to its bioavailability.
The half-life of glyphosate derived from the
mineralization rates was 31 days for silt clay loam soil. On

4. DISCUSSION
4.1. Extraction of Glyphosate
Extraction and determination of glyohosate in
agricultural soil is problematic due to its high solubility
and its physic-chemical properties (Botero-Coy et al.,
2013). In the present study, extraction recovery of
glyphosate varied from 4 to 74% of the initial applied
amount (Table 1). CaCl2 (0.1 M) and water were the less
effective solvents in glyphosate extraction in the three
investigated soils. However, ammonium oxalate (0.1 M)
was the most efficient solvent with a recovery rate
Science Publications
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NER in the silt clay loam soil reached 43% of the initial
applied amount at T0 and 49.4% at T1. The rate stayed
stable until T2 after which it decreased to 30.9% by the
end of experiment. The rate of non-extractable residues
decreased over time unlike other pesticides such as
atrazine where the rate of non-extractable residues
increases gradually over dozens of days (Winkelmann,
1991). The rate of non-extractable residues is probably
dependent on the properties and physical aspects of the
soils including the size of the microporal compartment.
This rapid formation of non-extractable residues
immediately after treatment is very specific for
glyphosate. The treatment of herbicide on a dry soil
promotes the capillary invasion and the rapid transport of
the solution of treatment in the microporisity intra
aggregate, subsequently making the herbicide
inaccessible for extraction (Guimont et al., 2005). We
also reported that the initiation of the degradation of
glyphosate did not affect the evolution of extractable
residues rate. The very slow decrease of non-extractable
residues showed that these residues can return by
diffusion and under the effect of a concentration
gradient, to areas accessible to microorganisms to
subsequently undergo mineralization.

the other hand, the effect of organic matter content in the
soil on mineralization of glyphosate was not clear under
the conditions of this study. The extraction rate of
glyphosate is an indication of the accessibility of the
residues for microbial degradation and/or their transfer to
groundwater under natural conditions. The extraction
curves are opposite to those of the mineralization (Fig. 2).
The percentage of extracted residues from the silt
clay loam soil at T0 was only 56.9±0.7%. We can
assume that the treatment in a dry soil may cause an
entry of glyphosate into the microporisity of aggregates
during the capillary invasion by the aqueous solution of
treatment (Guimont et al., 2005; Al-Rajab et al., 2010b).
The size of this compartment would be defined at the
time of treatment and may depend on the
physicochemical and physical properties and the
moisture rate of soil at the application moment. This
availability to extraction decreased overtime, it reached
6.9% of the initial amount for silt clay loam soil. The
evolution of extraction rate with KH2PO4 over time in
the soil is related to the mineralization of residues and
the availability of non-extractable residues for
mineralization or extraction. A similar behaviour of
extractable residues of glyphosate over time was
reported by (Getenga, 2004; Miles, 1998). HPLC
analysis showed the appearance of two degradation
products of glyphosate AMPA and sarcosine. However,
this analysis of glyphosate residues by HPLC did not
allow us to measure the sarcosine because its retention
time was too short and equal that of co-eluted and
unlabelled organic compounds.
The appearance of AMPA during the first days of
incubation is due the fast mineralization of glyphosate in
soil, reaching about 85.1% of residues after 80 days of
treatment (Fig. 1). Our results are consistent, to some
extent, with those obtained by (Cheah and Lum, 1998)
who reported the rate of AMPA in the extracts of a sandy
loam soil increased gradually over incubation time and
reached 50% of residues after 45 days of treatment. The
half-life of glyphosate extractable was 14.5, this value is
in accord with the half-lives of 6 to 9 days reported in
other study for glyphosate in four agricultural soils
incubated at 25°C (Eberbach, 1998) as well as the 19.2
days half-life observed in a sandy loam soil by (Cheah and
Lum, 1998). However, much longer half-lives have also
been reported by (Getenga, 2004) whereby the half-life
of glyphosate was 85.6 days in a clay soil.
The fraction of non-extractable residues represent the
residues which cannot be extracted from the soil by the
series of KH2PO4 extractions (exhaustive extraction)
(Fig. 2). The formation of the non-extractable residues
Science Publications

4.3. Leaching of Glyphosate
This study showed that water circulation in the soil
might has an important role in contamination of
groundwater with glyphosate. The diminution of soil
macroporosity on the surface layer (where most residues
usually present) with the time slows the water infiltration
and might encourage the desorption of glyphosate
residues. The circulation of glyphosate residues in soil
could be due to a preferential water flow regarding the
presence of its residues in the 1st collected leachates (Fig.
3). In disaccording with results reported by (Dousset et al.,
2004), our study showed that the residues of glyphosate
were detected in the first leachates samples of three soils,
the cumulated precipitation was 85 mm. Detection of
glyphosate residues in the 1st leachates was due to the
preferential flow (Laitinen et al., 2006). In the case of silt
clay loam soil, the maximum residues concentration of
9.5±7 µg L−1 has been reached after 2 months of
application. However, (De Jonge and Jacobsen, 2000)
have reported residues concentration of glyphosate much
higher than what was obtained from the current study.
Concentration of leached residues decreased
dramatically after 2 months until the end of experiment
(Fig. 3). Our findings were in accord with results
reported by (De Jonge and Jacobsen, 2000; Landry et al.,
2005) who detected the glyphosate residues in the soil
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leachates after 3 months of application. Overall, the total
residues (extractable and non-extractable) of glyphosate
in the soil should be considered to evaluate its
persistence in the soil, not only the extractable residues.
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5. CONCLUSION
The present study monitored the residue dynamics of
glyphosate in agricultural soil in controlled and outdoor
conditions. Results obtained for the fate study suggest
that the water pollution with this herbicide is closely
related to the adsorption and the formation of nonextractable residues, which are themselves dependent on
soil texture and its moisture condition at the time of
treatment. In case of rain following treatment, the risk of
groundwater pollution by glyphosate will be low but may
continue to be present for long time since the
mineralization is slow. The silt clay loam soil could be
less favourable for water pollution since it showed a
formation of large amount of non-extractable residues. In
the semi-field lysimeters study, leaching of glyphosate was
limited, but its metabolite AMPA seems to be the main
potential pollutant of the groundwater. The water circulation
mode in the soil was preferential flow which facilitate a fast
leaching of residues to reach the groundwater.
In summary, these results suggest that the
organophosphorus herbicide glyphosate is rapidly
degradable in the agricultural soil. Leaching of
glyphosate seems to be very slow regardless the type of
the soil. Release of the non-extractable residues of
glyphosate probably increases the risk of groundwater
pollution with its metabolite AMPA at long term. More
investigations are requested for a better understanding of
the effect of soil content of organic carbon and soil
microflora on environmental behavior of glyphosate.
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