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Abstract—This is the first report on the ambient levels of glyphosate, the most widely used herbicide in the United States, and its major
degradation product, aminomethylphosphonic acid (AMPA), in air and rain. Concurrent, weekly integrated air particle and rain samples
were collected during two growing seasons in agricultural areas in Mississippi and Iowa. Rain was also collected in Indiana in a
preliminary phase of the study. The frequency of glyphosate detection ranged from 60 to 100% in both air and rain. The concentrations of
glyphosate ranged from <0.01 to 9.1 ng/m3 and from <0.1 to 2.5 mg/L in air and rain samples, respectively. The frequency of detection
and median and maximum concentrations of glyphosate in air were similar or greater to those of the other high-use herbicides observed
in the Mississippi River basin, whereas its concentration in rain was greater than the other herbicides. It is not known what percentage of
the applied glyphosate is introduced into the air, but it was estimated that up to 0.7% of application is removed from the air in rainfall.
Glyphosate is efficiently removed from the air; it is estimated that an average of 97% of the glyphosate in the air is removed by a weekly
rainfall �30 mm. Environ. Toxicol. Chem. 2011;30:548–555. # 2011 SETAC
Keywords—Atmosphere Glyphosate Aminomethylphosphonic acid Mass budget
INTRODUCTION

Although the use of pesticides in agriculture has significantly
increased crop yields, concerns exist about the environmental
occurrence and fate of pesticides [1–3]. Approximately 400
million kilograms of pesticides (AI, active ingredients) was
used in the United States in 2001.

The agricultural sector accounted for about 76% of this use.
Within U.S. agriculture in 2001, herbicides, insecticides, fun-
gicides, and other pesticides accounted for 64, 11, 6, and 19%,
respectively [4].

Some fraction of applied pesticide can move away from the
application area. A wide variety of pesticides has been observed
in different environmental media, including natural water
bodies, soil, and atmosphere [5,6]. Some semivolatile persistent
pesticides (dichlorodiphenyltrichloroethane [DDT], hexachlor-
ocyclohexanes [HCHs], trifluralin, and metolachlor) have been
observed to be transported regionally and globally in the
atmosphere [7–9]. The extent of the pesticide flux from the
landscape to the atmosphere is affected by the amount applied,
method of application, meteorological conditions, and physi-
cal–chemical characteristics of the pesticide. Pesticides can be
introduced into the atmosphere though spray drift, volatiliza-
tion, and wind erosion of soil particles to which they are
attached. The removal of pesticides from the local atmosphere
include deposition (wet or dry), photochemical reaction, and
advective transport [10,11]. In the atmosphere, pesticides are
distributed between particle and vapor phases based on the
vapor pressure of the chemical, ambient temperature, and
concentration of suspended particulate matter [12].

Glyphosate (N-[phosphonomethyl] glycine), a broad-spec-
trum, nonselective, and postemergence herbicide, is the most
o whom correspondence may be addressed
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widely used pesticide in the United States [4,13]. It has been
used extensively in conjunction with genetically modified crops
since 1996 [14,15]. It is estimated that 91% of the soybeans,
22% of the corn, and 23% of the cotton crop hectares in the
United States were planted as herbicide-tolerant varieties in
2009 ([16]; http://www.ers.usda.gov/Data/BiotechCrops/). Pure
glyphosate is a crystalline solid with high water solubility (12 g/
L) [17], very low vapor pressure (5.7� 10�8 Pa at 258C) [18],
and four pKa values (0.31, 2.6, 5.6, and 10.6) [19,20]. From a
human health perspective, glyphosate is classified as carcino-
genic category E because of evidence of noncarcinogenicity for
humans [21]. Some studies have suggested a link between
glyphosate exposure and the risk of non-Hodgkin’s lymphoma
or human placental cell damage [22,23].

The mean half-life of glyphosate in soil has been reported as
32 d in forests and row crops [24,25] but varies considerably as a
function of microbial activity, soil pH, and temperature [26]. In
the environment, glyphosate is degraded to aminomethylphos-
phonic acid (AMPA). The half-life of AMPA is largely
unknown but is thought to be greater than that of glyphosate,
because it has been observed to accumulate in soil. Both
glyphosate and AMPA have been detected in natural waters
near agricultural areas [27,28]. However, very little work has
been done on the atmospheric transport of glyphosate. In one
study, it was reported that air concentrations of glyphosate were
below 15.7 mg/m3 during silvicultural spraying periods [29].
Thus, the occurrence and behavior of atmospheric glyphosate
are still largely unknown even though glyphosate is the most
widely used herbicide in the world [15,30].

Glyphosate and AMPA were quantified in the ambient
atmosphere of three agricultural areas in the United States
(Mississippi, Iowa, and Indiana). Field sampling and laboratory
extraction methods for glyphosate and AMPA in air were
developed. Concurrent, weekly integrated air particle and rain
samples were collected during two growing seasons in Mis-
sissippi and Iowa in 2007 and 2008. Rain was collected only
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during one growing season in Indiana in 2004. These field
observations were used to quantify the occurrence of glyphosate
and AMPA in the atmosphere and to help in elucidating their
mechanisms of atmospheric introduction and removal. As a
result of the very low vapor pressure of glyphosate, the glyph-
osate and AMPA concentrations in air are assumed to be equal
to their particle-phase concentrations detected on GFFs. The
present study offers the first report of glyphosate and AMPA in
the ambient air and rain.

MATERIALS AND METHODS

Description sampling sites

Air and rainfall samples were collected weekly during the
crop-growing seasons near Pace, Mississippi, and Blairsburg,
Iowa, in 2007 and 2008. In addition, weekly rainfall samples
were also collected near Mohawk, Indiana, in 2004. The major
crops grown near the sampling sites in Mississippi, Iowa, and
Indiana were soybeans and rice, soybeans and corn, and
soybeans and corn, respectively. Typical growing months for
major crops were from March to October in Mississippi and
April to September in Iowa and Indiana. The meteorological
information during sampling periods was acquired from
the National Oceanic and Atmospheric Administration,
National Weather Service ([31]; http://cdo.ncdc.noaa.gov/
qclcd/QCLCD?prior¼N). The summaries of agricultural activ-
ities and meteorological data for the three study areas are
presented in Table 1.

Field sampling

Glass-fiber filters (GFFs; 90 mm, GF/F; Whatman), used for
collecting atmospheric particle-phase samples, were baked at
5508C for 12 h, cooled to room temperature, and wrapped in
aluminum foil before use. High-volume air samplers (Tisch
Environmental; Thermo Scientific) were mounted at approx-
imately 1.5 m above ground level at the sampling sites. The air
samplers were turned on once each hour for a fixed time period
(either 5 or 10 min). Each air sample was an integration of air
over a 7-d period. The air samplers were operated at flow rates
from 0.15 to 0.37 m3/min. The GFFs in the samplers were
Table 1. Summary of agricultural activities and environmental characteristics of
Indiana, U

Area of watershed (ha)
Land in row crops (%)
Major crops
Typical growing season
Month of major glyphosate application
Single glyphosate application rate used on agricultural fields (kg ha�1, mean�S
Mean watershed glyphosate application rate during growing season (kg ha�1 yea
Total annual glyphosate applicationa (kg) in 2007 or 2004
Total annual glyphosate applicationa (kg) in 2008
Method of glyphosate application
Mean temperature (8C; April–September in 2007 and 2008 or 2004)b

Accumulative precipitation (mm; April–September in 2007 or 2004)b

Accumulative precipitation (mm; April–September in 2008)b

Mean surface wind speed (m s�1; April–September in 2007)b

Mean surface wind speed (m s�1; April–September in 2008)b

a Glyphosate applications are reported for the watersheds of Tommie Bayou near Pa
the Iowa River near Blairsburg, Iowa (USGS site 05451080), for 2007 and 2008;
2004. NA¼Not applicable.

b NOAA, 2010.
replaced every Tuesday during the study period, and both were
stored at �158C until extraction. The flow rates of the air
samplers were calibrated with a volumetric air flow meter
(Roots meter, Dresser) before and after field season.

The rainfall samples were collected using modified rainfall
samplers, which were covered during dry periods and collected
wet deposition only. The rainfall was collected in a Teflon1-
lined container, which drained into a refrigerated, clean, glass
carboy. The details of rainfall sampling can be found in Vogel
et al. [32]. The weekly-integrated rainfall samples were col-
lected on the same schedule as the air samples.

The GFF samples were slowly pulverized inside a 50-ml
polypropylene (PP) tube (mixing tube) with a clean, wide,
stainless-steel drill bit. Next, 20 ml of a hydrochloric acid
solution (pH 2) was added to this mixing tube, which was then
capped and placed on a shaker for 21 h. The free liquid was
decanted into another 50 ml PP tube (composite tube). Ten
milliliters of a potassium hydroxide solution (pH 11) was then
added to the mixing tube, which was again shaken for 24 h. The
contents of both tubes were filtered through a cellulose nitrate
filter (0.45-mm pore diameter, 47-mm filter diameter) under
vacuum. The filtered extract was poured into a third, pre-
weighed PP tube and weighed again to measure the extract
volume. The collected rain sample was filtered through a Supor
membrane filter (0.45-mm pore diameter; Pall Corporation)
and transferred to an amber glass bottle. Because glyphosate
and AMPA have extremely high water solubility and have
little affinity for the particulate phase in aqueous solution, it
was assumed that all of the glyphosate and AMPA that was
associated with particles in the atmosphere desorbed into
the water in the rain collection vessel before extraction. All
of the final extracts from the air and filtered rain samples were
shipped on ice to the U.S. Geological Survey Organic Geo-
chemistry Laboratory (Lawrence, KS) for glyphosate and
AMPA analysis.

Glyphosate and AMPA were derivitized with 9-fluorenyl-
methylchloroformate and then analyzed with a Hewlett Packard
liquid chromatography/mass spectrometer (HPLC/MS). The
HPLC/MS was equipped with automatic online solid-phase
extraction (SPE) cartridges. A mobile-phase gradient from
95% of 5 mM ammonium acetate in reagent water to 100%
study watersheds near Pace, Mississippi, Blairsburg, Iowa, and Mohawk,
SA

Mississippi Iowa Indiana

1,383 3,100 1,787
99 97 87
Soybeans, rice Soybeans, corn Soybeans, corn
February–July April–August April–August
February–July June–July May–July

D) 1.05� 0.21 0.82� 0.10 —
r�1) 2.00 0.52 0.58

2,800 1,475 1,040
2,750 1,719 NA
Aircraft and ground rig Ground rig Ground rig
25–26 18–22 22
443 545 661
716 1,159 NA
2.5 4.0 NA
2.9 3.9 NA

ce, Mississippi (USGS site No. 07288636), for 2007 and 2008; South Fork of
and Leary–Weber Ditch near Mohawk, Indiana (USGS site 03361638), for
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acetonitrile was used for LC column elution. The molecular and
fragment ions were 390 and 168 for glyphosate, and 332, 110,
and 136 for AMPA. Method detection limits (MDLs) were
0.084 and 0.078 mg/L for glyphosate and AMPA, respectively.
More detailed information can be found in Myer et al. ([33];
http://pubs.usgs.gov/tm/tm5a10/). The masses (nanograms) of
glyphosate and AMPA from extracted air samples were divided
by air sampling volume (cubic meters) to obtain the air con-
centrations.

Quality assurance/quality control

A recovery experiment was conducted to validate the effi-
ciency of the extraction procedure for glyphosate and AMPA
from the GFFs. Two clean GFFs were fortified with 25 mg
glyphosate and 25 mg AMPA in aqueous solution (0.5 mg/ml),
and the water was allowed to evaporate. The extraction proce-
dures for GFF were conducted as described above. A recovery
experiment was also conducted to validate the efficiency of the
sampling procedure for glyphosate and AMPA on the GFFs.
Two clean GFFs were fortified with 1 mg glyphosate and 1 mg
AMPA in aqueous solution (0.01 mg/ml). The sampler was
turned on for 24 h indoors at 258C (average 186 m3 of air
sampled). The GFFs were removed from the air sampler and
extracted as described above.

Several field blanks, laboratory procedural blanks, and for-
tified matrix were measured in the present study. Air sample
volumes ranged from 300 to 1,000 m3. A typical GFF extract
volume was 50 ml. Because the MDLs for glyphosate and
AMPA in aqueous solution were about 0.08 mg/L, the MDLs
for glyphosate and AMPA concentrations for air samples were
estimated to be in the range of 0.004 to 0.013 ng/m3. The
laboratory procedural and field blanks for glyphosate and
AMPA masses on GFFs and in PUFs were all <0.011 mg.
The resulting air concentrations of glyphosate and AMPA in
air based on these blanks would be 0.011 to 0.036 ng/m3.
Therefore, the method reporting limit (MRL) of glyphosate
and AMPA in air samples was set at 0.01 ng/m3, and the MRL
of glyphosate and AMPA in rain samples was 0.1 mg/L. The
reported concentrations were not blank corrected.

The extraction efficiency recoveries of glyphosate and
AMPA from the GFFs were 83 and 101% and 104 and
122%, respectively. The results indicate that extraction proce-
dures worked acceptably. In the sampling efficiency recovery
study, the fortified GFF recoveries after running the air sampler
were 76 and 138% and 38 and 42% for glyphosate and AMPA,
respectively.

Percent AMPA in rain

The percentage AMPA from total atmospheric (air and rain)
glyphosate is defined as

AMPA as a percentage of total glyphosate in air

¼ ðCair AMPA=½Cair glyphosate þ CairAMPA�Þ � 100

AMPA as a percentage of total glyphosate in rain

¼ ðCrain AMPA=½Crainglyphosate þ Crain AMPA�Þ � 100

where Cair glyphosate¼ concentrations of glyphosate in air
(ng m�3), Cair AMPA¼ concentrations of AMPA in air (ng m�3),
Crain glyphosate¼ concentrations of glyphosate in rainfall (mg/L),
and Crain AMPA¼ concentrations of AMPA in rainfall (mg/L).
RESULTS AND DISCUSSION

Application of glyphosate in Mississippi and Iowa

Based on local interviews with the applicators in the water-
sheds, glyphosate was applied from February to July in the
Mississippi study area and from May to July in the Iowa study
area. In both cases, the majority of the fields received applica-
tions of glyphosate because of the prevalence of genetically
modified crops. The whole-watershed normalized application
rates of glyphosate in the Mississippi and Iowa area were 1.97
and 0.52 kg/ha/year, respectively (Table 1). In Mississippi, the
timing and seasonal pattern of glyphosate application were
similar for 2007 and 2008 (Fig. 1). However, in Iowa, the
glyphosate application was extended one month longer in 2008
compared with 2007 because of very large rain events in late
May and early June that delayed planting and herbicide appli-
cation (Fig. 2).
Detection of glyphosate and AMPA in air and rain

In total 84 air and 80 rainfall samples were collected from
three agricultural areas in Mississippi, Iowa, and Indiana during
the growing seasons of 2004, 2007, and 2008. Glyphosate was
observed in>60% of the air and rain samples in at all three sites.
AMPA was also observed in >50% of the air samples and
usually >50% of the rain samples at all three sites (Table 2).
Both glyphosate and AMPA were detected in 92% of the rain
samples in Indiana in 2004. (No air samples were collected
during this part of the study.) Both glyphosate and AMPA
occurred more frequently in air in Mississippi compared with
Iowa (Table 2). Both compounds were detected with about the
same frequency in air and rain in Mississippi, whereas, in Iowa,
the frequency of detection of glyphosate in rain was similar to
that in air, but AMPA was detected less frequently in rain
compared with air.

In Mississippi in 2007, glyphosate and AMPA particulate air
concentrations ranged from <0.01 to 9.1 ng/m3 and <0.01 to
0.49 ng/m3, respectively (Table 2 and Fig. 1a). The median
concentrations of glyphosate and AMPA in air were similar for
the two years, but the peak concentrations were much greater in
2007. In 2007, two spikes in glyphosate concentration (6.6 and
9.1 ng/m3) occurred in May during the application period. A few
much smaller increases over the background concentration
occurred in July and August. For AMPA, three small concen-
tration spikes (0.31, 0.39, and 0.49 ng/m3) occurred from May to
June, and one occurred in August. Both glyphosate and AMPA
had lower air concentrations in 2008 compared with 2007
(Table 2 and Fig. 1d).

In contrast to the Mississippi site, the magnitude and pattern
of glyphosate and AMPA concentrations in air particles in
Iowa were more consistent between 2007 and 2008. In 2007,
glyphosate and AMPA in air ranged from <0.01 to 5.4 ng/m3

and <0.01 to 0.97 ng/m3, respectively (Table 2 and Fig. 2a).
In 2007, two major spikes in air concentrations for both
glyphosate and AMPA occurred in mid-June and mid-July
(Fig. 2a) corresponding to the local period of application, just
as in Mississippi. After July, glyphosate and AMPA were
detected only at very low levels (>0.1 ng/m3). The application
period in 2008 was shifted to a few weeks later (compared
with 2007) because of the large rain events, flooded fields,
and saturated soils that occurred from late May into early
June. In 2008, a sustained, elevated concentration (>0.5 ng/
m3) of glyphosate in air was noted from mid-June to mid-July
during a sustained dry period. A few smaller concentration
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Fig. 1. Time series concentrations of glyphosate and aminomethylphosphonic acid (AMPA) in air (ng/m�3) compared with weekly rainfall (mm), modeled
contribution of atmospheric glyphosate resulting from wind erosion (%) and glyphosate application (kg) for the Tommie Bayou watershed near Pace, Mississippi,
USA, in 2007 (a–c) and 2008 (d–f). Note the difference in the scales of the y axes between 2007 and 2008. [Color figure can be seen in the online version of this
article, available at wileyonlinelibrary.com]

Occurrence and fate of glyphosate and AMPA in the atmosphere Environ. Toxicol. Chem. 30, 2011 551
spikes of AMPA in air occurred from mid-June to mid-August.
After the end of July, both glyphosate and AMPA in air
remained at low concentration levels.

The observations of glyphosate and AMPA in rain were
quite similar among the three study areas and the years. The
range in concentration was from <0.1 to about 2 mg/L, whereas
the median concentrations were about an order of magnitude
less than the maximum (generally 0.1–0.2 mg/L). Once or twice
a year, the glyphosate rain concentration was much greater than
the median. These periods generally occurred during weeks
with rainfall following the application period (Table 2 and
Fig. 3).

Although AMPA as a fraction of total glyphosate in air
ranged from 0 to 1.0, the median fractions ranged from 0.05 to
0.11 for both years at both locations (Table 2). In general,
AMPA as a fraction of total glyphosate in air was lower during
application seasons and then increased after the last glyphosate
applications each year. These changes are due to biodegradation
of glyphosate to AMPA in the soil [34], which results in
decreasing glyphosate and proportionally increasing AMPA
concentrations as the time since last application increases
(Fig. 4).
Comparison to other herbicides

The detection frequency and median concentrations of
glyphosate in both air and rain were not substantially different
compared with other current-use herbicides, but maximum
glyphosate concentrations were greater. For example, the
detection frequency reported here for glyphosate in air (61–
100%) is similar to observations for trifluralin (100%), atrazine
(67–74%), and metolachlor (81–100%) in the Mississippi
River basin [35]. The median glyphosate concentrations in
air observed in Mississippi and Iowa (0.08–0.48 ng/m3)
were comparable to the median concentrations reported for
atrazine (0.05 ng/m3) and metolachlor (0.21 ng/m3) and less
than the median concentration of trifluralin (0.81 ng/m3) [35].
The maximum concentrations of glyphosate in air (9.1 and
7.7 ng/m3 in Mississippi and Iowa, respectively) were greater
than the maximum concentrations of trifluralin (5.5 ng/m3),
atrazine (2.8 ng/m3), and metolachlor (1.5 ng/m3) [35].
Likewise, the detection frequency of glyphosate in rain (63–
92%) was similar to that of trifluralin (10–69%), atrazine (75–
95%), and metolachlor (94–100%) [32], but the median and
maximum concentrations of glyphosate in rain (0.10–0.20, 1.9,
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Fig. 2. Time series concentrations of glyphosate and aminomethylphosphonic acid (AMPA) in air (ng/m�3) compared with weekly rainfall (mm), modeled
contribution of atmospheric glyphosate resulting from wind erosion (%) and glyphosate application (kg) for the South Fork of the Iowa River watershed near
Blairsburg, Iowa, USA, in 2007 (a–c) and 2008 (d–f). [Color figure can be seen in the online version of this article, available at wileyonlinelibrary.com]
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and 2.5 mg/L, respectively) were substantially greater than those
of atrazine (0.02, 0.83 mg/L), metolachlor (0.02, 0.25 mg/L),
and trifluralin (0.01, 0.02 mg/L) in rain [32]. These results are
somewhat surprising insofar as the other herbicides are
Table 2. Concentrations of glyphosate and aminomethylphosphonic acid (AMPA)
Pace, Mississippi, Blairsburg, Iowa,

Compounds Statistic

Mississippi: Air Iowa: A

2007 2008 2007

Glyphosate Median 0.48 0.24 0.08
Maximum 9.1 1.5 5.4
Minimum <0.01 <0.01 <0.01
SD 1.8 0.36 1.4
% of D 86 100 61
n 22 27 18

AMPA Median 0.06 0.02 0.02
Maximum 0.49 0.09 0.97
Minimum <0.01 <0.01 <0.01
SD 0.18 0.02 0.23
% of D 86 70 56
n 22 27 18

AMPA/total glyphosate Median 0.11 0.05 0.07
Maximum 1.00 0.22 1.00
Minimum 0.00 0.00 0.00
SD 0.25 0.07 0.32

a Concentration units (air: ng m�3; rain: mg/L�1); SD¼ standard deviation; D¼
more volatile than glyphosate. The relatively elevated levels
of glyphosate probably are due to its frequent use in these
agricultural areas in conjunction with the genetically modified
crops.
in air and rain and AMPA as a fraction of total glyphosate in air and rain near
and Mohawk, Indiana, USAa

ir Mississippi: Rain Iowa: Rain Indiana: Rain

2008 2007 2008 2007 2008 (2004)

0.22 0.20 0.15 0.20 0.1 0.14
7.7 1.9 1.6 2.5 1.8 1.1

<0.01 <0.1 <0.1 <0.1 <0.1 <0.1
1.9 0.57 0.39 0.72 0.47 0.32

72 73 68 71 63 92
18 11 19 14 24 12
0.04 0.10 <0.1 <0.1 <0.1 <0.1
0.38 0.30 0.48 0.20 0.24 0.47

<0.01 <0.1 <0.1 <0.1 <0.1 <0.1
0.12 2.0 0.14 0.08 0.06 0.13

61 73 74 36 50 92
18 11 19 14 24 12
0.10 0.25 0.33 0.00 0.13 0.34
1.00 1.00 1.00 1.00 1.00 1.00
0.00 0.00 0.00 0.00 0.00 0.06
0.32 0.32 0.35 0.30 0.31 0.25

frequency of detection (in percentage); n¼ number of samples.
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Fig. 3. Time series concentrations of glyphosate in rain in 2007 and 2008 in
Mississippi (a) and Iowa (b), USA.
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Timing of application

The highest concentrations of glyphosate and AMPA in both
air and rain were found during the periods of intense glyphosate
applications for both Mississippi and Iowa (Figs. 1 and 2). In
Iowa, maximum concentration of glyphosate in rain (June and
July, 2007: 1.6 and 2.5 mg/L; July, 2008: 1.8 mg/L) occurred
during the intense period of application occurred (Fig. 2c,f). In
contrast to the application pattern in Iowa, the glyphosate
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Fig. 4. Aminomethylphosphonic acid (AMPA) as a percentage of total
glyphosate in air in Mississippi (a) and Iowa (b), USA.
application in Mississippi was more uniform over a longer
period (Fig. 1c,f); the peaks in air and rain concentrations
occurred during the intense period of application. At both study
locations, the highest air concentrations were observed in the
weeks during the application season when little or no rainfall
occurred. These conditions gave a strong source of glyphosate
to the air but no strong removal mechanism.
Estimation of air glyphosate from wind erosion of soil

Given its very low vapor pressure, glyphosate has two
important mechanisms for delivery to the atmosphere, spray
drift from application and wind erosion of soil particles to which
glyphosate is associated. Aminomethylphosphonic acid will be
introduced into the atmosphere only by soil erosion processes,
because it is formed in the soil after application. Volatilization
form the soil will not be an important process for either
compound. To estimate the relative contributions of spray drift
and wind erosion to glyphosate and AMPA in the air, a simple
mass balance model is suggested. The model makes six assump-
tions: the control volume is a 2,000-m column of well-mixed air
with a base of 1 m� 1 m; the only two sources of glyphosate to
the air are spray drift and wind erosion; wind erosion is the only
source for AMPA; the transformation (biodegradation) of
glyphosate to AMPA occurs only in the soil [36]; no or
negligible photo-oxidation of glyphosate or AMPA occurred;
and the ratio of glyphosate concentration in soil to AMPA
concentration in soil (S) decreases weekly from 5.1 (first week
after application) to 0.1 (twelfth week after application). This is
based on the logarithmic fitting of field observations reported by
Grunewald et al. [36], and wind erosion produces air particles
with the same glyphosate to AMPA ratio as found in the soil.

For any given week, the input of total glyphosate in the air
due application and wind erosion is

Mair glyphosateþAMPA ¼ Mapplication þMwind; (1)

where Mair glyphosate þ AMPA is the mass of total glyphosate
(glyphosateþAMPA) in the control volume in the air,
Mapplication is the mass of total glyphosate in the control volume
of air contributed by application, and Mwind is the mass of total
glyphosate in the control volume in the air contributed by wind
erosion. Therefore,

MglyphosateþAMPA ¼ ðCair glyphosate þ Cair AMPAÞ � A� H; (2)

where Cair glyphosate is the concentration of glyphosate in air
(ng m�3), Cair AMPA is the concentration of AMPA in air (ng/
m2), A is the base area of air column (1 m2), and H is the
assumed height of the well-mixed air column (2,000 m, corre-
sponding to a low cloud height).

The mass of total glyphosate in air attributed to wind erosion
effect is

Mwind ¼ ðCair AMPA þ ½S� Cair AMPA�Þ � A� H; (3)

where S is the ratio of (Csoil glyphosate/Csoil AMPA) in the soil for the
specific time step. Mapplication is calculated as the difference
between Mglyphosate þ AMPA and Mwind.

The percentage contributions of application spray drift and
wind erosion to total mass glyphosate in air are obtained by the
following equations:

%Application ¼ Mapplication=ðMapplication þMwindÞ � 100% (4)

%Wind ¼ Mwind=ðMapplication þMwindÞ � 100%: (5)



Table 3. Wet deposition (mg/m2; mean�SD) of glyphosate and
aminomethylphosphonic acid (AMPA) from the atmosphere near Pace,

Mississippi, and Blairsburg, Iowa, USA

Mississippi Iowa

Year Glyphosate AMPA Glyphosate AMPA

2007a 3.9� 4.1 2.1� 3.2 5.1� 7.3 1.7� 3.9
2008b 5.5� 7.6 5.2� 11 16� 35 2.4� 5.0

a Sampling dates in 2007: Mississippi: 4/17–9/18; Iowa: 4/17–9/18.
b Sampling dates in 2008: Mississippi: 4/22–10/28; Iowa: 4/8–10/28.
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The weekly results from the model are presented in
Figures 1b,e and 2b,e for the two sites and two years. For both
sites and both years, the majority of the glyphosate in the
atmosphere cam from application spray drift. The contribution
from wind erosion for atmospheric glyphosate was less during
the intensive application events (about 20–40%) and greater in
weeks without application (50–100%), as would be expected.
The estimated seasonal median percentages of glyphosate in the
air due to wind erosion in Mississippi were 34% in 2007and
19% in 2008. For Iowa, these estimated seasonal median values
of glyphosate in the air from wind erosion were 41% and 42%
for the two years. The greater contribution percentages from
wind erosion to the air glyphosate in Iowa may be attributed to a
higher wind speed (mean�SD) in Iowa (4.0� 1.4 m/s) than in
Mississippi (2.7� 0.8 m/s) during these sampling periods. A
high degree of uncertainty exists in this simple model, because
it does not explicitly account for the removal of these com-
pounds by rainfall.

Removal of glyphosate and AMPA from air by rain

Based on vapor pressures, glyphosate and AMPA are pre-
dicted to exist only in the particle phase in the atmosphere, so
their removal by rain scavenging is very important [37]. The
weekly removal of total glyphosate (glyphosateþAMPA) from
air by rain is calculated as

Mrain glyphosateþAMPA

¼ ðCrain glyphosate þ Crain AMPAÞ � R� A� CF1 (6)

where Crain glyphosate is the concentration of glyphosate in rainfall
(mg L�1), Crain AMPA is the concentration of AMPA in rainfall
(mg/L), R is the total weekly rainfall (mm), A is the area (1 m2),
and CF1 is a unit conversion factor (103 ng/mg). The mass of total
glyphosate in the air is the time-weighted average concentration
of total glyphosate (which is equal to the concentrations of
glyphosate and AMPA measured on air particles in the field)
times the control volume (Eqn. 2). From these, the percentage of
the weekly mass of total glyphosate in air that is removed by
rainfall is

WRrain ¼ Mrain glyphosateþAMPA=ðMair glyphosateþAMPA

þMrain glyphosateþAMPAÞ � 100%: (7)

The percentage of total glyphosate in air removed by rainfall
was grouped into two categories based on weekly rainfall
amounts<30 mm or�30 mm (Fig. 5). These calculated median
< 30 mm > 30 mm
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percentages of total glyphosate removed from air by rain were
87 to 92% for the weeks with rainfall <30 mm and 97% for
weeks with rainfall �30 mm. The variability in the removal
efficiency is less for the category with the higher rainfall. The
efficient removal of glyphosate and AMPA from air by rain is
not unexpected, because these compounds are in the particle
phase in the atmosphere.

The weekly wet deposition (mg/m2) of glyphosate and
AMPA was calculated as the product of the weekly concen-
tration in rain times the weekly rainfall (Table 3). The weekly
amounts were summed for the study period to yield their total
wet deposition during the growing seasons. In Mississippi, total
mass of glyphosate in rainfall was 0.60 and 1.5 kg in 2007 and
2008, respectively, and for AMPA it was 0.52 and 1.3 kg. The
sum of total glyphosate (sum of glyphosate and AMPA in wet
deposition) was equal to 0.04 and 0.1% of the mass of glyph-
osate applied in the watershed in 2007 and 2008, respectively.
Although the total amount of glyphosate applied to the water-
shed in Mississippi was about the same in 2007 and 2008
(Table 1), the wet deposition for both compounds was about
2.5 times greater in 2008 compared with 2007 because of
greater rainfall.

In Iowa, the total wet deposition of glyphosate during the
growing seasons was 2.2 and 9.9 kg in 2007 and 2008, respec-
tively, and for AMPA it was 0.72 and 1.5 kg. The sum of total
glyphosate (sum of glyphosate and AMPA in wet deposition)
was equal to 0.2 and 0.7% of the mass of glyphosate applied in
the watershed in 2007 and 2008, respectively. The total wet
deposition was much greater for both glyphosate (4.5-fold) and
AMPA (2.0-fold) in 2008 than in 2007. This can be attributed to
the substantially greater rainfall and a greater application mass
in 2008 compared with 2007 (Table 1).

Glyphosate and its degradate, AMPA, were frequently
observed in air particles and rain at all three locations that
were studied in the agricultural areas of the midwestern United
(b)

< 30 mm > 30 mm
0

20

40

60

80

100

Iowa

b 92 97

entage of total glyphosate in air removed by rain: Mississippi, 2007–2008 (a)



Occurrence and fate of glyphosate and AMPA in the atmosphere Environ. Toxicol. Chem. 30, 2011 555
States. Glyphosate occurred at concentrations equal to or
greater than the concentrations of other high-use herbicides
previously studied in the midwest. The presence of glyphosate
in air is due either to spray drift or wind erosion, because it will
have no tendency to be volatile because of its low vapor
pressure and ionic character in moist soils. The presence of
AMPA in air is due to wind erosion, because it is formed in the
soil. The maximum concentrations of glyphosate in the air and
rain correspond to the period of its application. It is not known
what percentage of the applied glyphosate is introduced into the
air, but it was estimated that up to 0.7% of application is
removed from the air in rainfall. Glyphosate is efficiently
removed from the air. It is estimated that an average of 97%
of the glyphosate in the air is removed by a weekly rainfall
�30 mm.
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