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HIGHLIGHTS

« Addresses gap in information about glyphosate and AMPA in urban riparian groundwater.

« Glyphosate and AMPA detected at most sites, 1 in 10 samples overall.

« Detection frequency varied between sites — from none to found in most samples.
« AMPA was correlated with glyphosate, not acesulfame, suggesting a glyphosate source.

ARTICLE INFO ABSTRACT

Article history:

The herbicide glyphosate and its putative metabolite aminomethylphosphonic acid (AMPA) have been
found in urban streams, but limited information is available on their presence in urban riparian ground-
water. Information is also lacking regarding the source of AMPA in these urban settings (glyphosate
metabolite or wastewater), and whether, if present, glyphosate residues in urban riparian groundwater
contribute significantly to urban streams. Glyphosate and AMPA were detected in shallow riparian
groundwater at 4 of 5 stream sites in urban catchments in Canada and each were found in approximately
1 in 10 of the samples overall. Frequency of observations of glyphosate and AMPA varied substantially

Received 16 July 2013

Received in revised form 18 September
2013

Accepted 20 September 2013

Available online 24 October 2013

g‘:ﬁf gg;'te between sites, from no observations in a National Park near the Town of Jasper Alberta, to observations
AMPA of both glyphosate and AMPA in more than half of the samples along two short reaches of streams in Bur-
Urban groundwater lington, Ontario. In these two catchments, AMPA was correlated with glyphosate, rather than the artificial
Riparian sweetener acesulfame, suggesting that the AMPA is derived mainly from glyphosate degradation rather
Metabolite than from wastewater sources. Land use, localized dosage history, depth below ground and other factors

likely control the occurrence of detectable glyphosate residues in groundwater.

Crown Copyright © 2013 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Glyphosate (C3HgNOsP) was introduced as a nonselective herbi-
cide in the 1970s, and it has become one of the most widely used
herbicides worldwide (Vereecken, 2005; Kolpin et al., 2006; Borgg-
aard, 2011; Coupe et al., 2012). It is commonly used to control
weed growth in agriculture, silvaculture, along roadways, railways
and utility corridors, as well as in urban areas (streets, sidewalks,
paved areas, gardens). Aminomethylphosphonic acid (AMPA) is
an important metabolite produced during microbial degradation
of glyphosate (e.g., Borggaard and Gimsing, 2008). However, AMPA
also forms as a residual metabolite during the degradation of other
phosphonate compounds, including detergents, and therefore it is
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ec.gc.ca (JJW. Roy), susan.brown@ec.gc.ca (SJ. Brown), greg.bickerton@ec.gc.ca
(G. Bickerton).

not diagnostic as a residue of glyphosate (Horth and Blackmore,
2009; Botta et al., 2009; Hanke et al., 2010). Generally the concen-
trations of glyphosate and AMPA that have been detected in envi-
ronmental waters have been below the relevant standards or
objectives for protection of the environment, though significant
proportions of surface water samples in Europe have glyphosate
concentrations that exceed the European Union’s objective for
drinking water, which is 0.1 ug L~! (Horth and Blackmore, 2009).

Following its application, glyphosate has a strong tendency to
sorb to soil particles and to undergo degradation by microorgan-
isms (Giesy et al., 2000; Borggaard and Gimsing, 2008). There is
some evidence that AMPA is more persistent than glyphosate in
soils (Kjer et al., 2005; Mamy et al., 2008), and, in different soils,
AMPA was found to sorb less (Mamy et al., 2008) or more (Bergs-
trom et al,, 2011) than glyphosate. Given the above properties in
soil, both glyphosate and AMPA are generally considered to have
a low potential to leach downward through soils to groundwater
(Vereecken, 2005; Borggaard and Gimsing, 2008; Giesy et al.,
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2000). However, experimental field studies have shown that appli-
cations of glyphosate can result in detectable glyphosate residues
in groundwater in the vicinity (Smith et al., 1996; Borjesson and
Torstensson, 2000; Kjer et al., 2004, 2011; Crowe et al., 2011),
although in one of these studies (Borjesson and Torstensson,
2000) glyphosate and AMPA were detected only at locations with
above-normal glyphosate application rates.

Until the past decade, there were very few published reports of
the occurrence of glyphosate and AMPA in groundwater. The fre-
quency of detection of glyphosate in groundwater determined
from several large data sets (Table 1) ranged from 1.3% to 7.8%,
while that of AMPA was 1.7% to 14%. Detections were less frequent
in Europe than in the United States and were less common in
groundwater than in surface waters. However, temporal changes
in the analytical limits of detection make direct comparisons diffi-
cult. The majority of the monitoring and surveillance data regard-
ing the occurrence of glyphosate and AMPA in surface water and
groundwater has focused on agricultural areas (e.g., Scribner
et al.,, 2007; Van Stempvoort et al., 2008; Horth and Blackmore,
2009; Sanchis et al., 2012), reflecting the widespread, global use
of glyphosate as a herbicide in agriculture. Similarly, site-specific
process-focused studies of the fate of glyphosate in soil and
groundwater have typically also addressed agricultural landscapes
(Kjeer et al., 2004, 2011; Landry et al., 2005). A few studies have
shown that urban areas also contribute significant proportions of
glyphosate and AMPA to surface waters (Blanchoud et al., 2007;
Botta et al., 2009; Hanke et al., 2010; Struger et al., 2013). In con-
trast, there is a lack of information about glyphosate residues in
groundwater in urban areas. The presence of glyphosate residues
in groundwater may differ for urban areas compared to agricul-
tural areas because urban applications tend to be more spatially fo-
cused by a larger number of users. Also, urban areas and rural areas
have different influences on infiltration and runoff (e.g. irrigation
practices, diversion of runoff, tile drains vs. storm sewers, etc.;
presence/absence of paved areas and other surfaces, differences
in vegetation, etc.). Given such differences, Blanchoud et al.
(2007) estimated that much larger portions of pesticides used in
urban areas were lost to surface water than those used in agricul-
tural areas (catchment in France).

Here we report on the detection of glyphosate and AMPA in
shallow groundwater collected at five streams in Canada (Fig. 1),
including urban streams in two cities (Fig. 2) and along the shore-
line of a river near a town (Fig. 3). Shallow groundwater sampling

occurred along predominantly gaining stream sections (i.e. they re-
ceive groundwater discharge).These data were collected as a part
of several screening-level investigations of groundwater contami-
nants potentially impacting urban streams (Van Stempvoort
et al., 2011; Roy and Bickerton, 2012), but for which pesticides
were not a primary focus. Together the data from these five stream
sites provide insight into whether riparian groundwater in urban
environments tends to have measureable quantities of glyphosate
and/or AMPA, which has implications for gauging the potential im-
pacts on riparian and stream ecosystems, as well as mass loadings
to urban streams. The focus on urban riparian groundwater in Can-
ada is especially relevant given the concurrent study by Struger
et al. (2013), which reports a high frequency of detection of gly-
phosate residuals in both urban and rural streams in Ontario, Can-
ada (Table 1).

Our data also provide the opportunity to assess the source of
any AMPA found in the near-stream groundwater, i.e. whether it
is derived from glyphosate or is associated with wastewater. Some
researchers have stated that the relative importance of these two
sources that contribute AMPA to surface waters remains uncertain
(e.g., Kolpin et al., 2006). Parallel to our study, Struger et al. (2013)
report evidence that AMPA found in both urban and rural streams
in southern Ontario Canada is mainly derived from glyphosate.
With Struger et al. (2013), we examine the correlation of concen-
trations of glyphosate, AMPA and those of a useful wastewater tra-
cer, the artificial sweetener acesulame (Buerge et al., 2009; Van
Stempvoort et al., 2011, 2013) to address the source of AMPA.

2. Study sites
2.1. Burlington, Ontario

At Burlington there are many small streams that drain through
urban areas into Lake Ontario. Groundwater was sampled in June
2009 along two of these streams: Tuck Creek and Shoreacres Creek
(Fig. 2). The sizes of the catchments for these two streams are
11.8 km? and 14.1 km? respectively. Their headwaters flow from
the Niagara Escarpment, an outcropping ridge of dolostone bed-
rock (also sandstone, limestone, shale), and over a plain that lies
between the Escarpment and the shore of Lake Ontario. In these
catchments this plain generally has a thin cover of unconsolidated
sediments, mostly glacial till (largely silt, locally clay-rich) and

Table 1
Comparison of the results of this study to earlier summaries for both groundwater and surface water.
Location Glyphosate AMPA
# % Detections (det. limit, Maximum # % Detections (det. limit, Maximum Source
Samples ngL~!) concentration, ngL™'  Samples ngL~!) concentration, ng L~!

Groundwater

United 873 7.8% (20-100) 4700 873 9.7% (20-100) 2600 Scribner et al. (2007)
States

United Not 6% (20-100) Not reported Not 14% (20-100) Not reported Battaglin et al.
States reported reported (2011)

Europe >36298 ~1.3% (3-200) 24000 >28254 ~1.7% (50-500) 19000 Horth and

Blackmore (2009)

Canada 281 13.2% (1-10) 42 281 11.7% (50-60) 2870 This study
(riparian)

Surface water

United 1262 39% (20-100) 427000 1262 57% (20-100) 41000 Scribner et al. (2007)
States

United Not 22% - lakes; 51% - streams Not reported Not 22% - lakes; 87% - large Not reported Battaglin et al.
States reported (20-100) reported rivers (20-100) (2011)

Europe >50805 ~29% (10-400) 50000 >33612 ~50% (10-100) 48900 Horth and

Blackmore (2009)
Ontario, 222 76% (10-20) 41881 222 76% (10-60) 14781 Struger et al. (2013)

Canada
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Fig. 1. Map of Canada showing the locations of the study sites.

glacial lake sediments (sand, silt), over bedrock. Here the bedrock
is predominantly shale, which outcrops locally along/near these
streams (Source Water Protection Halton-Hamilton Region,
2008). Within this plain, Tuck Creek and Shoreacres Creek are
‘warmwater’ streams (Source Water Protection Halton-Hamilton
Region, 2008), suggesting relatively low influx of groundwater
seepage. Along the sampled section of Tuck Creek the urban land
use is largely commercial, with some residential, with streets and
a railway in the immediate vicinity. In the area of sampling at
Shoreacres Creek the urban land uses include both commercial
and industrial, with local streets (see Roy and Bickerton, 2012
and Van Stempvoort et al, 2011 for further information about
these stream sampling sites).

2.2. Barrie, Ontario

Groundwater samples were collected in the catchments of two
streams in the City of Barrie that drain into Lake Simcoe: along Dy-
ment’s Creek in September 2009 and along Hewitt’s Creek in Octo-
ber 2009 (Fig. 2). Here the Lake Simcoe watershed is underlain by a
thick sequence of unconsolidated sediments, mainly glacial tills
and glacial lake sediments (sand, silt, clay) (Blackport and Associ-
ates, 2012).

Land use in the Hewitts Creek catchment (17.5 km? in area) is
dominated by agricultural (60%) and forest (20%), but includes
12% urban development, mainly as intensive residential (Louis Ber-
ger Group and Greenland International Inc., 2006). Riparian

groundwater was sampled within the northernmost urban portion
of this catchment, within a residential neighborhood (Fig. 2),
including some homes that have septic beds (Van Stempvoort
et al., 2013). In the riparian area of the stream much of the land
is undeveloped open space and land under environmental protec-
tion. Some land is used for municipal services and utilities (Fig. 2).

The Dyment’s Creek catchment (approx. 4.5 km? in area) in-
cludes a wide range of urban uses, mainly a mix of industrial, com-
mercial and residential. Groundwater was sampled along two
reaches, an upper reach, which is surrounded largely by industrial
developments, but with several areas left undeveloped, and a low-
er reach, where the land developments are largely residential and
commercial (Fig. 2), with several undeveloped or park areas under-
lain by old landfill materials.

2.3. Jasper, Alberta

Groundwater was collected along two reaches of the Athabasca
River in Jasper National Park in August 2009. Here, 100 km from its
headwaters, the river spans up to 200 m. These reaches are within
a few hundred meters of the Town of Jasper (Fig. 3). Developed
land outside of the Town of Jasper include tourist cabins, a muni-
cipal wastewater treatment plant for the Town, roads, a railway;
the rest is undeveloped forest and wetlands. The surficial geology
(uppermost 10 m of subsurface) in this area is dominated by fluvial
deposits, mostly sand, gravel and cobbles, though there are also
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Fig. 2. Plans of the urban study sites (a) Tuck Creek; streamflow is from NW to SE; (b) Shoreacres Creek, streamflow from N to S; (c) Hewitts Creek, streamflow from S to N;
(d) upper and (e) lower Dyment’s Creek, streamflow from W to E. Scale and compass direction shown in upper left apply to all sites.

layers of silt and silty clay (EBA Engineering Consultants Ltd.,
2003).

3. Methods
3.1. Collection of samples

All of the groundwater samples from this study were collected
at shallow depths within 2 m of the edge of the streams, usually
within the streambed but occasionally on the shore. Groundwater
samples were collected from depths of generally 0.25-1.0 m below
the ground or streambed surface using a drive-point miniprofiler
connected to a peristaltic pump (see Roy and Bickerton, 2010). This
consisted of coupled hollow steel-rods (1.6 cm diameter) attached
to a stainless steel drive-point which had sampling ports over a
vertical interval of 12.7 cm. These ports were internally connected
to polyethylene tubing (0.6 cm diameter). The profiler was driven
into the sediments using a hammer-drill or pushed in by hand in
rare cases. Spacing between samples along the stream reaches
was typically 10-20 m. On rare occasions a sample of water seep-
ing directly from the bank was collected as a grab sample. During
sampling at each site, one or two stream samples were also col-
lected as grab samples. All samples were filtered in the field (mem-
brane pores <0.45pum) and collected in HDPE (high density
polyethylene) containers. Samples were kept in a cooler with ice
packs in the field and during transport to Canada Centre for Inland
Waters for analyses.

All field-filtered samples were stored under refrigerated condi-
tions prior to analysis. The majority of the groundwater and stream
samples were stored for less than 10 d; samples for Shoreacres
Creek were stored for 14-17 d, and those from Jasper were stored
for 27-34 d. Our unpublished stability tests with both groundwa-
ter and surface water samples indicated that glyphosate and AMPA

in filtered and refrigerated samples showed losses of less than 25%
over 28 d.

3.2. Laboratory analyses

An ion chromatography electrospray ionization triple quadruple
mass spectrometry (IC/MS/MS) was used to analyze glyphosate
and aminomethylphosphonic acid (AMPA). Method details are pro-
vided in the Supplementary information. The artificial sweetener
acesulfame (as a wastewater indicator) was analyzed using the
IC/MS/MS method described by Van Stempvoort et al. (2011).

The analytical results, together with other field parameters and
laboratory analyses not reported here, were examined to test
whether some detections of glyphosate and AMPA in groundwater
could be artifacts of our sampling methodology, specifically inad-
vertent short-circuit flow of surface water along our drive points
to our sample intakes. We concluded that for at least the large
majority of our samples, this does not appear to be an issue, which
is in agreement with Roy and Bickerton (2010), who developed the
drive-point sampling method we used in this study (see Sec-
tion 3.1). However, it is possible, though not certain, that up to
three samples from each of the Burlington sites may have been af-
fected by short-circuiting. These samples were excluded from the
data set that is reported here.

3.3. Statistical analysis

In this study, we encountered many non-detections of both gly-
phosate and AMPA. For this reason, we restricted our statistical
analyses to the Burlington datasets where the paired analytes were
both present in the majority of the samples. For correlation analy-
ses of these compounds, we used Minitab®16 (Minitab Inc., State
College, PA, USA) to calculate Spearman rank correlation
coefficients (p). The standard approach could be used because for
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Fig. 3. Plan of the Jasper site, which all lies within Jasper National Park. Roadways
and driveways are shown as grey lines; bodies of water are blue. The grey shaded
area in lower left is the Town of Jasper which has primarily commercial and
residential land uses. Outside of the Town, besides the developments shown, the
land is undeveloped wilderness. The groundwater sampling transects along the
Athabasca River are shown as red dashed lines. The estimated trajectory of the
wastewater plume detected by Van Stempvoort et al. (2013) is outlined with green
dashed lines. Two wastewater exfiltration cells are labeled “EC”.

each test, each analyte had a single detection (reporting) limit: all
non-detections were given the same rank, and all non-quantifiable
trace detections were ranked together immediately above the non-
detections.

4. Results and discussion
4.1. Glyphosate and AMPA in near-stream (riparian) groundwater

Both glyphosate and AMPA were detected in at least two sam-
ples of riparian groundwater at 4 of the 5 urban stream sites. This
site-to-site comparison, which does not take into account the num-
ber of samples or length of stream reach surveyed, indicates a high
frequency of detections. Considering the combined survey results,

13.2% of the 281 samples of riparian groundwater had detectable
concentrations of glyphosate, while 11.7% of them had detectable
AMPA (Tables 1 and 2).

To further facilitate comparison between sites, we plotted all
results as frequencies of observations, using the same reporting
limit (highest overall detection limit) for both glyphosate and
AMPA (Fig. 4). This figure illustrates that the frequencies of obser-
vations of glyphosate were strongly correlated to those of AMPA
(R*>=0.878). AMPA tended to be more prevalent than glyphosate
at these sites. If the analytical detection limits for the analyses of
glyphosate were the same as the higher ones for AMPA (Table 2),
there would be no detections of glyphosate, while nearly 1 in 10
samples would have detections of AMPA. For individual sites, the
frequencies of detections varied substantially. For instance,
groundwater samples from the two Burlington catchments had
observations of both glyphosate and AMPA in nearly half or more
of the samples, while there were no observations of either com-
pound in samples from the Jasper site (Fig. 4).

The reaches in Burlington were in areas of dense transportation
corridors and commercial development, which may have played a
role in the high frequencies of detections of the glyphosate and
AMPA in the riparian groundwater. However, some of the ground-
water samples from the Burlington sites may have been affected by
infiltration of stream water (note — samples potentially affected by
short-circuiting were removed from this data set: see Section 3.2),
which also had elevated concentrations of both glyphosate and
AMPA (Fig. 5). This infiltration may have occurred as bank storage
(following some high water event, although we have no informa-
tion on whether such an event actually occurred in these cases)
or hyporheic flow (Winter et al., 1998). However, several samples
with high concentrations of glyphosate and/or AMPA were not
similar to stream water in their geochemistry or dissolved oxygen
(not shown), suggesting the stream is not the sole source of gly-
phosate residues to this riparian groundwater. Almost all of the
groundwater samples at Burlington had higher ratios of AMPA/gly-
phosate compared to stream samples from the same site (Fig. 5). If
the AMPA is derived from glyphosate (see Section 4.3), then this
observed pattern may correspond to longer residence times for
glyphosate residues in the subsurface compared to the streams.
Previous studies have shown that when glyphosate degrades in
soils, the ratio of AMPA/glyphosate increases over time because
AMPA tends to be more persistent, though AMPA is also transient
(e.g., Feng and Thompson, 1990; Simonsen et al., 2008).

There was no apparent influence from the stream as a source of
glyphosate residues for the samples from the Barrie sites. Each site
had several spatially-sporadic detections, which is suggestive of
impacts from multiple localized sources. In a few cases, we found
high concentrations of glyphosate (and/or AMPA, see Section 4.3)
in samples closest to roads/bridges that cross the stream, but this
pattern was not consistent. Similarly, some of our detections were
very close to the boundaries of commercial, industrial or residen-
tial properties, but again inconsistently. Thus, the determination
of specific sources was not possible for these sites. The lack of con-
sistent patterns of detections relative to land uses in the immediate
vicinity is not surprising given that not only land use type, but also
different herbicide use practices, dosages, and timing of such appli-
cations are important, as documented in previous studies (see Sec-
tion 1), as are other factors such as geology (Kjer et al., 2004).

For the Jasper site, herbicide use is severely restricted because it
is in a National Park, which may explain the lack of any detection
there, even though some of the samples were located close to a
roadway and within 100 m of the town limits (Fig. 3). Low to min-
imal use of herbicides is characteristic of this community, as re-
flected in a policy D-002 adopted by the Municipality (town) of
Jasper in 2010 to “not use herbicides on any lands for which the
Municipality has responsibility.” (Municipality of Jasper, 2010).



460 D.R. Van Stempvoort et al./ Chemosphere 95 (2014) 455-463

Table 2
Detections of glyphosate and AMPA in samples of riparian groundwater (2009).

Catchment (s) Glyphosate AMPA

# Samples mdl® # With detections (%) Maximum conc. (ng L™!) mdl* # With detections (%) Maximum conc. (ng L™")
Burlington, Ontario
Tuck Creek 18 1 14" (77.8%) 42 50 16" (88.9%) 547
Shoreacres Creek 16 1 11° (68.8%) 20 50 8" (50.0%) 176
Barrie, Ontario
Dyment’s Creek — upper 52 10 8 (15.4%) 30 60 0 (0.0%) n.d.
Dyment’s Creek —lower 47 10 2 (4.2%) 14 60 7 (14.9%) 2870
Hewitts Creek 41 10 2 (4.9%) 34 60 2 (4.9%) 125
Jasper, Alberta
Athabasca River 107 10 0 (0.0%) n.d. 60 0 (0.0%) n.d.
All data 281 37 (13.2%) 42 33 (11.7%) 2870

¢ Method detection limit. See Supporting information for an explanation for the differences in mdls for different datasets.

b For consistent comparison of the data from all sites, we note at Burlington, the glyphosate detections >10 ng L™': Tuck Creek, 8 (44%); Shoreacres, 5 (31.3%). The
Burlington AMPA detections >60 ng L~': Tuck Creek, 13 (72%); Shoreacres Creek, 7 (43.8%).

Furthermore, though urban development within the Municipality
of Jasper appears to be, in part, upgradient (with respect to ground-
water flow) of our sample locations along the Athabasca River, the
distance between such development and our sampling points was
typically >100 m (Fig. 3), which is much greater than for many of
the sampling points at the Burlington and Barrie sites (Fig. 2). In
fact, at Burlington, there is no gap of undeveloped land between
the sampling points and the adjacent urban properties.

The highest concentrations observed at our sites were 42 ng L~!
of glyphosate and 2870 ng L' of AMPA (Tables 1 and 2). In general,
the maximum concentrations of AMPA at each reach that we sam-
pled were notably higher than those of glyphosate (Table 2). This
may reflect the fact that AMPA tends to be more persistent than
glyphosate in the environment (e.g., Giesy et al., 2000; Coupe
et al.,, 2012). However, it could also be related to the potential for
AMPA to be sourced from wastewater; this is discussed below
(Section 4.3).

In riparian zones, short, shallow pathways of groundwater flow
from soils to streams may be important (e.g., Winter et al., 1998).
Given this, and the potential for sorption and degradation of these
compounds, it is most likely that the glyphosate residues that we
detected are associated with shallow groundwater flow paths (ex-
cept those few possibly linked to stream inputs), though contribu-
tions from deeper flow paths cannot be discounted. The main
pathway for glyphosate transport to surface waters is generally in-
ferred to be runoff from soils, either directly (surface runoff) or
indirectly, via flow in soil macropores or subsurface (tile) drains
(Coupe et al., 2012). Groundwater fluxes of glyphosate and associ-
ated AMPA from soils to surface water have generally been consid-
ered negligible, likely in large part due to perceptions of high
retention and degradation in the soil, and the relatively low levels
of detection in groundwater at most sites (Table 1). The results of
this study indicate that there may be potential for some contribu-
tions of these residues from groundwater to urban streams.

4.2. Comparison of results to past studies

On the basis of these results, we cannot infer whether ground-
water in urban areas is more or less prone to glyphosate contami-
nation than in agricultural areas. Comparison between our study
and previous studies (e.g., Table 1) is fraught with many difficul-
ties, of which the most obvious is differences in analytical detec-
tion limits (see Sanchis et al., 2012), but which also includes
non-random selection of sampling locations (all studies), differ-
ences in sampling devices (short drive points vs. long well screens,
varying depths of samples (sometimes not reported), and perhaps

100%
L, 90% A S
2 80% -
b R2=0.8778
2 70% A
% 60% A
= 50% -
Z 40% -
9
% 30% A
»  20% -
2
10% -
0% - . . .
0% 20% 40% 60% 80%  100%

% samples with glyphosate > 10 ng/L

Fig. 4. Comparison of frequencies of glyphosate and AMPA observations at all sites.
The lower bound criteria (>10 and 60 ng L™!) were the highest applicable detection
limits for all sites collectively for each compound (Table 2).

other factors that have not yet been investigated. However, in this
section we attempt to gain broader insight of the relevance of our
results by a brief comparison to previous studies.

Our study is not the first to show much variability in frequen-
cies of detections for different subsets of data. For example, Scrib-
ner et al. (2007) reported that groundwater sampled in a
agricultural catchment in Indiana had detections of 34% and 73%
for glyphosate and AMPA, respectively, while 271 samples ob-
tained in “state cooperative studies” had no detections of glyphos-
ate and only one detection of AMPA. These findings suggest that
despite widespread use of glyphosate, only certain sites or areas
or times (e.g., relative to herbicide application events) may result
in noticeable groundwater contamination by this herbicide. A clo-
ser look at the Scribner et al. (2007) Indiana dataset, which has the
highest frequency of groundwater detections, reveals that in that
catchment the monitoring wells were very shallow, most appar-
ently <5 m depth (Baker et al., 2006; Lathrop, 2006). Perhaps the
shallow depth of these samples was one of the key factors that re-
sulted in the high frequency of glyphosate and AMPA detections.

The survey-based summary of Horth and Blackmore (2009) and
other surveillance-based studies (e.g., Van Stempvoort et al., 2008;
Thorling et al., 2010; Hoogeveen et al., 2010) also reported that
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Fig. 5. Paired glyphosate and AMPA concentrations at the Burlington sites.

many or all of their detections in groundwater were from shallow
wells or springs, whereas detections for deeper wells were gener-
ally rare. Furthermore, for the experimental field-studies in which
monitoring depths have been reported, the groundwater in which
glyphosate was detected was consistently shallow (Borjesson and
Torstensson, 2000; Kjer et al., 2004, 2011). Collectively, the evi-
dence from earlier studies indicates that detections of glyphosate
residues in groundwater tend to be at (and are possibly restricted
to) shallow depths, and our study indicates that only some sites
have high frequency detections of glyphosate residues in shallow
groundwater. This model, sporadic occurrence in shallow ground-
water, is consistent with previous evidence that glyphosate resi-
dues tend to be attenuated by both microbial degradation and
sorption in the subsurface, thus less likely to be found at greater
depths.

Finally, our highest concentration of glyphosate was much low-
er than the maximum reported in both groundwater and surface in
the earlier summaries that are shown in Table 1. This could be due
to the relatively small number of samples and sample locations in
our study compared to some others, or it may reflect a greater
capacity for degradation within the commonly organic-rich ripar-
ian sediments. In contrast, the highest concentration of AMPA in
our study was similar to the maximum reported for groundwater
by Scribner et al. (2007).

4.3. Evidence for glyphosate as a source of AMPA in riparian
groundwater

As discussed above, on a site-by-site comparative basis, the fre-
quencies of observations of glyphosate and AMPA were strongly
correlated (R? = 0.878) (Fig. 4), which suggests a direct relationship
between these compounds. The groundwater samples from the
two Burlington subcatchments have the highest percentages of
samples with detections of glyphosate and AMPA, and thus were
suitable for more detailed correlation analysis. This analysis was
used to probe whether there is evidence that AMPA detected in
these samples was derived from glyphosate or from various waste-
water sources, such as detergents and other phosphonates. For this
test, Spearman rank correlation coefficients (p) were determined
for two different pairs: AMPA with glyphosate, and AMPA with
the wastewater tracer acesulfame. Acesulfame was chosen as a
suitable wastewater tracer given that it was found in all riparian
groundwater samples in these two subcatchments. At both Shore-

acres and Tuck Creek, the glyphosate and AMPA concentrations in
groundwater were strongly correlated (p =0.754, 0.749 respec-
tively), whereas AMPA correlation with the wastewater tracer ace-
sulfame at these sites was negligible (p=-0.258, 0.201
respectively). These results indicate that, in these catchments
where AMPA is abundant in groundwater, it appears to be predom-
inantly derived from glyphosate rather than wastewater sources.

In the Hewitts Creek catchment, the two detections of AMPA
had no obvious relationship to acesulfame concentrations (not
shown), which were substantial and related to the nearby septic
systems (Van Stempvoort et al., 2013). But AMPA was present in
the two samples that had the highest glyphosate concentrations,
suggesting a directrelationship, consistent with the above results
for Burlington. Evidence for the source of the AMPA at the other
sites is limited. The scattered data for Dyment's Creek show no
obvious relationship between AMPA and either glyphosate or ace-
sulfame. The non-detections of both glyphosate and AMPA at Jas-
per support indirectly the above interpretation that AMPA in
riparian groundwater is derived from glyphosate rather than
wastewater. At Jasper some of the groundwater samples had ele-
vated concentrations of acesulfame, up to 3490 ng L™!, which were
associated with a wastewater plume derived from the municipal
wastewater treatment plant (Van Stempvoort et al., 2011, 2013).
Given that AMPA is often strongly attenuated in soils (e.g., Bergs-
trom et al., 2011), it is likely less mobile in the subsurface than ace-
sulfame. But, if wastewater was an important source of AMPA in
the groundwater at Jasper, we might anticipate observing AMPA
in association with the elevated concentrations of wastewater indi-
cators (sweeteners and pharmaceuticals) reported by Van Stem-
pvoort et al. (2013). But none of the samples with elevated
acesulfame at Jasper had detections of AMPA.

5. Conclusions

The majority of the previous survey-type investigations on gly-
phosate residues in groundwater have focused on agricultural
areas. This is the first survey study to focus on glyphosate residues
in urban areas, and more specifically on riparian groundwater
along urban streams. In this study, glyphosate and AMPA were de-
tected in near-stream groundwater samples at 4 of 5 stream sites
and in slightly more than 10% of the total 281 samples. This sug-
gests that riparian groundwater containing glyphosate and AMPA
may be common in some areas along urban streams and, thus,
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may contribute to the pesticide load of the stream. Comparison to
past studies is complicated by several factors, such that we cannot
determine if urban riparian areas are more or less prone to gly-
phosate contamination than agricultural or other areas. However,
the results of this study, in which glyphosate residues were found
in shallow groundwater at most sites, are consistent with the re-
sults of some earlier studies that have indicated that glyphosate
residues tend to be found in shallow groundwater. This interpreta-
tion fits with the conceptual model of limited transport of glyphos-
ate and AMPA in the subsurface.

Much variation in the frequency of detection of glyphosate res-
idues in riparian groundwater was observed between sites, from
no detections (Jasper) to >60% detections (Burlington sites).
Although the controls on glyphosate residue detections at these
sites was not a focus of this study, some of this variation appears
to be affected by pesticide application restrictions (Jasper National
Park). Detection in riparian groundwater could also be affected by
infiltration of stream water with elevated concentrations (Burling-
ton sites). The location and levels of other detections did not fit
consistently any obvious patterns associated with land-use. Fol-
low-up detailed research would be required to examine the rela-
tionships between occurrences and concentrations of glyphosate
and AMPA in riparian groundwater and (i) localized patterns in
the timing and dosage of glyphosate applications in the immediate
vicinity of the sampling locations, (ii) land-use (i.e. commercial vs.
industrial vs. residential), and (iii) hydrogeological factors.

Based on consideration of a wastewater tracer (acesufame),
there is no evidence for AMPA derived from wastewater sources
in this study. Generally the presence of AMPA in riparian ground-
water appears to be as a metabolite residue of glyphosate.
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