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Analysis of Groundwater and Surface Water in Areas
of Isoxaflutole Application, Tuscola and Kalamazoo

Counties, Michigan
By Carol L. Luukkonen and Mark Brigham

Abstract

The herbicide 5-cyclopropyl-4-(2-methylsulfonyl-
4-trifluoromethylbenzoyl) isoxazole, also known as isoxa-
flutole (IXF), was conditionally approved for use on corn
in Michigan in 2015. The fate of IXF and its degradates in
different environmental settings and the processes by which
these compounds move to groundwater or to surface-water
bodies have been previously studied, but little information
about possible persistence and buildup of this herbicide and
its degradates in Michigan’s groundwater and surface water is
available. Therefore, from 2015 to 2020, the U.S. Geological
Survey, in cooperation with the Michigan Department of
Agriculture and Rural Development, studied IXF and two of
its degradates in two locations where IXF was applied.

IXF and its degradates were rarely detected in shallow
groundwater downgradient from IXF applications. In con-
trast, one or more of the three target IXF compounds were
detected in 40 percent of surface-water samples. The degra-
dates 1-(2-methylsulfonyl-4-triffuoromethylphenyl)-2-cyano-
3-cyclopropyl propan-1-dione), also known as diketonitrile
isoxaflutole (DKN), and 2-methylsulfonyl-4-(trifluoromethyl)
benzoic acid (BAA), the benzoic acid analogue of IXF, were
detected more frequently than the parent compound. At
surface-water sites, DKN and BAA reached maximum concen-
trations within about the first 5 weeks after IXF application
after rainfall-runoff events. Concentrations subsequent to post-
application maxima decreased through time approximately
following first-order, exponential loss kinetics. Carryover of
DKN and BAA, from an application year to the following
spring, occurred at several surface-water sites, and spring-
time concentrations were typically 1-5 percent of maximum,
post-application concentrations. Virtually no detections were
recorded later in the growing season during non-application
years. Results indicate rapid loss of IXF and very few detec-
tions of the parent compound from the study areas. The
degradates DKN and BAA were more frequently detected in
surface runoff up to about 1 year after IXF application, but no
evidence of longer-term accumulation was found.

Introduction

Michigan has a diverse agricultural industry with over
200 commodities, including corn, soybeans, vegetables, fruits,
and sugar beets (Michigan Farm Bureau, 2016). For optimum
plant health and increased yields, pesticides and herbicides are
often used to control weeds, pests, or plant diseases. In times
of low rainfall, irrigation is often necessary to relieve, bal-
ance, or eliminate moisture stress. The frequency and amount
of agricultural chemical and irrigation water use can vary
from year to year depending on several factors, including crop
type, resource availability, and local management decisions.
In addition, field conditions, weather, rotation schedules, and
soil moisture may also affect their application. Although these
practices enable agricultural areas to be more productive,
under some conditions excess chemicals may be washed from
the application areas through tile drains, run off into nearby
lakes or rivers, or absorbed beneath the root zone to the water
table. This water may then be unsafe for use by humans or for
use on other crops if the chemicals persist in the water supply.

The Michigan Department of Agriculture and Rural
Development (MDARD) has responsibility for safeguarding
the public’s food supply, controlling plant pests and diseases
that threaten the food and agriculture system, and preserving
the environment by which the farming community makes their
living and feeds consumers. Accordingly, MDARD is inter-
ested in investigating the potential effects of a new herbicide,
5-cyclopropyl-4-(2-methylsulfonyl-4-trifluoromethylbenzoyl)
isoxazole, also known as isoxaflutole (IXF), conditionally
approved in 2015 for use on corn in Michigan. Because
Michigan has different soil and climate conditions than other
areas where this herbicide has been used, little information
about possible persistence and buildup of this herbicide and
its metabolites in groundwater and surface water has yet
been gathered. Michigan has irrigated fields in areas of sandy
soils and agricultural fields in areas of clay soils, leading to
concerns about IXF movement to groundwater and runoff
to adjacent surface-water bodies. In addition, because of
the wide array of irrigated crops in Michigan, concerns that
persistence and buildup of IXF in groundwater or surface
water could negatively impact other irrigated crops in areas
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with upgradient application of IXF continues. From 2015

to 2020, the U.S. Geological Survey (USGS), in cooperation
with MDARD, investigated IXF and its degradates in shallow
groundwater and edge-of-field surface runoff. Water samples
were collected before and after IXF application, and upgradi-
ent and downgradient from fields where IXF was applied.

Purpose and Scope

The purpose of this report is to summarize the water
quality and hydrologic data collected at two IXF application
areas during 2015-20. Data collection included groundwater
samples, pond samples, and groundwater levels at the ground-
water study area and surface-water and runoff samples, tile,
and precipitation at the surface-water study area. Data analysis
included the investigation of sample results and potential
trends in concentrations over the study. These analyses were
primarily for IXF and its two degradates, 1-(2-methylsulfonyl-
4-trifluoromethylphenyl)-2-cyano-3-cyclopropyl propan-
1-dione), also known as diketonitrile isoxaflutole (DKN), and
2-methylsulfonyl-4-(trifluoromethyl) benzoic acid, the benzoic
acid analogue of isoxaflutole (BAA). Characterizing IXF and
its degradates, assessing the persistence of IXF and its degra-
dates in groundwater and surface water near or downstream
from the application areas, and summarizing and analyzing
data for 223 additional pesticides and pesticide degradates at
the study sites are the objectives of this report.

Description of Isoxaflutole Characteristics

Isoxaflutole, Chemical Abstracts Service Registry
Number (CASRN) 141112-29-0, Rhone-Poulenc Ag
Company [RPA] 201772, is distributed by Bayer Crop-
Science (Chesterfield, Missouri) and was registered for use
in 24 States in 2011 (U.S. Environmental Protection Agency,
2011). IXF was initially produced by the Rhone-Poulenc Ag
Company, which became Aventis CropScience which was then
acquired by Bayer CropScience in 2001 (Sourcewatch, 2016);
Rhone-Poulenc Ag Company (RPA) numbers are included
here to facilitate comparison with other literature. IXF is a
member of the benzoyl isoxazole family and is marketed as
a low-application-rate pre-emergent herbicide for control
of broadleaf weeds and some grasses in field corn (Pallett
and others, 2001). The maximum seasonal application rate
is 0.14 pound (Ib) active ingredient/per acre, but recom-
mended rates range down to 0.047 Ib active ingredient/per
acre. Use rates vary by soil texture, organic matter content,
and use pattern. Generally, one application is made during a
season. This herbicide acts by disrupting pigment biosynthe-
sis in plants so emerging weeds are bleached as the herbicide
is taken up by the root system. Under typical field condi-
tions, IXF degrades quickly to the biologically active DKN
(CASRN 143701-75-1; RPA 202248) through an opening
of the isoxazole ring, followed by subsequent hydrolization
to the inactive form BAA. From 2000 to 2008, an esti-
mated annual 300,000 1b of IXF was applied in the United

States on an estimated average of 5 percent of all U.S. corn
(U.S. Environmental Protection Agency, 2011). In 2014 and
2015, estimated usage of IXF increased to over 550,000 Ib
in the United States (U.S. Geological Survey, 2015). In
2016 and 2017, usage increased to almost 600,000 Ib in the
United States.

IXF was conditionally registered by the U.S.
Environmental Protection Agency (EPA, 1998) in 1998 for use
on corn in 15 States and part of Texas. At that time, condi-
tional, time-limited, and geographically limited registrations
were permitted with restrictions for use based on field char-
acteristics and method and amounts of application. Principal
concerns of the EPA were that IXF degradates have properties
and characteristics similar to other compounds detected in
groundwater and surface water, and indications from short-
term (1-2 years) study results suggest that IXF and its primary
metabolite DKN had the potential to persist and accumulate
potentially affecting growth and yield of non-target plants.
Possible adverse effects on nearby non-target plants or aquatic
organisms from spray drift or runoff also was a concern. Some
studies (W.P. Eckel, EPA, written commun, 2001) showed the
potential for IXF to contaminate shallow groundwater (less
than about 10 feet to the water table) in areas with soils that
are not normally considered vulnerable and that the prefer-
ential flow paths are a factor in groundwater contamination,
especially in soils that are otherwise resistant to this problem.
Under the conditional registration, additional studies were
required to investigate the potential for groundwater contami-
nation and to monitor surface-water quality.

Bayer CropScience (2004) did many studies to assess the
fate of IXF residues and its degradates in different environ-
mental settings and the processes by which these compounds
move to groundwater or to surface-water bodies. Prospective
groundwater studies from 1999 to 2001 in Nebraska, Iowa,
and Indiana indicated that IXF and its biologically active
degradate DKN generally degrade in the surface and subsoil
before movement to groundwater when used according to
label instructions. Occasional preferential flow in fields with
shallow water tables and standing water was observed; how-
ever, residues continued to degrade and remained in the upper
5 feet of the water table (Bayer CropScience, 2004). Another
study of residential wells in Nebraska was done after detection
of DKN in monitoring wells near a reservoir. Samples were
collected from 2000 until 2004. DKN was detected several
times with a maximum concentration of 0.2 pg/L (micrograms
per liter) in 2003 after a rain event soon after IXF applica-
tion. This reservoir was constructed to recharge groundwater
into the surficial aquifer, which helps to explain the DKN
detections. Sampling of residential wells in the area in 2004
indicated no detections of DKN.

Runoff studies in Iowa and Illinois indicated that residue
detections were correlated with rainfall events and that runoff
concentration amounts varied according to the magnitude
and intensity of storm events and the amount of crop cover-
age on the soil surface. Herbicide losses were highest after
the first major rainfall event and declined significantly with
subsequent events (Bayer CropScience, 2004). This effect of



highest herbicide concentrations in runoff after the first rainfall
event after application in the spring has been observed fre-
quently and has been termed “spring flush” by other research-
ers (Goolsby and others, 1991a; Thurman and others, 1991;
Battaglin and others, 2003; and Scribner and others, 2005).
Scribner and others (2006) collected surface-water samples
near the mouths of major rivers in Iowa to see if various her-
bicides and herbicide degradation products could be detected
there. Of the 75 samples collected to measure IXF and its
degradates, there were 4 detections of IXF, 56 detections of
DKN, and 43 detections of BAA. Detections of IXF were
from samples collected during the post-planting (May—June)
season, whereas DKN and BAA were in samples from all
sampling periods (pre-planting [March—April], post-planting,
and late summer [July—September]). Maximum concentrations
were observed in samples collected during the post-planting
season and equaled 0.077 pg/L for IXF, 0.552 pg/L for DKN,
and 0.166 ng/L for BAA. Concentrations of these compounds
declined in samples collected in late summer.

Studies of the movement of IXF and degradates through
tile drain systems were done by Bayer CropScience at seven
locations in Ohio, lowa, and Indiana in 1999 and 2000 (Bayer
CropScience, 2004). Sample collection was carried out at the
tile drain outlet, the receiving ditch, and a downstream point
where flow was sufficient to act as an irrigation source. These
studies demonstrated that highest concentrations generally
were observed in early summer samples after sizeable rain-
fall amounts in the first few weeks after IXF application.
Maximum concentrations of 5.6 pg/L for IXF, 62.6 pg/L for
DKN, and 11.1 pg/L for BAA were observed in tile drains at
an Indiana site in early summer. These concentrations fluc-
tuated in relation to rain events and generally decreased to
<1 pg/L for each compound in late summer and fall samples.
Maximum concentrations of 0.08 pg/L for IXF, 14.1 ng/L for
DKN, and 1.5 pg/L for BAA were observed in ditch samples
at Jowa and Ohio sites in early summer. Concentrations in
stream samples were generally <0.03 nug/L for IXF, <1 pg/L
for DKN, and <0.5 pg/L for BAA in early summer samples.
Higher concentrations above the reporting levels of IXF and
its degradates were not observed in tile, ditch, or stream sam-
ples collected in August after the typical summer dry period at
these sites (Bayer CropScience, 2004).

Except for one study in Ohio, IXF was applied once to
each study area. One area experienced drought conditions
after application in 1999, and no samples could be collected
after the first rainfall until winter. IXF was reapplied in 2000,
and samples were collected throughout the year after applica-
tion. Concentrations in these samples were generally less than
detection in late season samples. Due to this being the only
study having more than one application and the varied soil
conditions in Michigan, MDARD needed more information
about the potential behavior and possible persistence of IXF
or its degradates at or near application areas. Therefore, this
study investigated IXF and degradate concentrations under
different field conditions with multiple applications over a
S5—year study.

Methods of Investigation 3

Methods of Investigation

The methods of investigation for this study encompass
site selection, study design and sample collection, field meth-
ods, and data preparation and analysis. Site selection includes
a description of characteristics important for each study area.
Study design and sample collection includes a description of
the timing and frequency of environmental sample collection
at each site and a description of the quality control samples
collected during the study. All analytical results are stored
in the USGS National Water Information System database
(U.S. Geological Survey, 2022). Field methods include a
description of the equipment used in this study and the collec-
tion, preparation, and handling of the samples from each site.
Data preparation and analysis describes the data processing
and statistical tests used to analyze sample results and charac-
terize water quality at each site.

Study Area Selection

Selection of suitable areas for monitoring groundwater
and surface water was based on several criteria, including
2013 crop data, soil properties (including drainage, texture,
slope, and hydrologic group), distance to nearest waterbody,
and depth to water. Area selection also was dependent on (1)
soil types, soil properties, and other characteristics meeting
herbicide usage requirements; (2) IXF not having been applied
to the field in the past; (3) landowner participation in the
study for 5 years; and (4) landowner agreement to grow corn
and apply IXF in years 1 (2015), 3 (2017), and 5 (2019) of
the study.

The groundwater study area needed excess water to
infiltrate to the water table, so IXF or its degradates would
be detected when groundwater samples were taken, if pres-
ent. Further considerations at the groundwater site included
the depth to water. Groundwater at shallower depths beneath
fields would be more likely to be impacted by IXF or its
degradates than water at deeper depths beneath fields with
similar soil types and recharge conditions. Southwest
Michigan was targeted for groundwater monitoring due to
the presence of coarser soils and few tile drains, which met
these requirements.

The surface-water study area needed excess water from
the field to run off directly into an adjacent drain or stream
or be intercepted by tiles in the field, which would then
discharge into an adjacent drain or stream. Additionally, a
pond was desirable to determine whether any evidence for
the persistence or buildup of IXF or its metabolites over
time could be documented. The distance to nearby surface-
water features was another consideration when determining
a potential surface-water site. Because monitoring at the
surface-water site was intended to evaluate whether IXF was
entering and persisting in a drain or stream, surface-water
features needed to be adjacent to the selected field. The eastern
side of Michigan was targeted for surface-water monitor-
ing due to the prevalence of tile drained fields, which met
these requirements.
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Groundwater Study Area

The area selected for groundwater monitoring is in Texas
Township in the southwestern part of Kalamazoo County
in the southwestern Lower Peninsula of Michigan (fig. 1).
Existing glacial wells in this area range in depth from 112 to
154 feet and have static water levels (at the time of well
installation) ranging from 18 to 30 feet below land surface
(Michigan Department of Environment, Great Lakes, and
Energy, 2015). Rheaume (1990) reports that glacial deposits
in this area generally range from 300 to 350 feet in thickness.
The study area is in the Galesburg-Vicksburg outwash plain,
which consists of medium- to very-coarse sand and gravel
(Monaghan and others, 1983). This outwash area formed after
the retreat and melting of the ice lobes that covered the county
primarily during the Wisconsin glaciation about 15,000 to
17,000 years ago (Passero, 1978). Glacial deposits in this area
overlie the Coldwater Shale bedrock unit of Mississippian age.
This bedrock unit comprises shale that contains limestone and
clayey limestone in some areas (Rheaume, 1990).

Aquifers in the glacial deposits are the source of water
for most of the county, whereas the shale unit underneath is
rarely a source for water supply. Rheaume (1990) reported
that groundwater moves from topographically high areas to
discharge into ponds, streams, marshes, and other lowland
areas. Annual cycles of higher groundwater levels in spring,
and lower levels in fall, were apparent. Groundwater flows
generally from west to east in the Kalamazoo County study
field, and local flow moves toward a pond in the southeastern
corner of the study area. Open lands, woodlands, and cul-
tivated cropland are the primary land use categories in the
county with corn, soybeans, and alfalfa being the primary
crops planted in 2013.

The 240-acre Kalamazoo County field consists primar-
ily of Kalamazoo Loam soils, but small areas in the north
and east consist of Oshtemo Loam and areas in the south
consist of Houghton Loam (Natural Resources Conservation
Service, 2015). Kalamazoo Loam consists of loam, clay
loam, loamy fine sand, and fine sand that are generally deep,
well-drained soils formed in loess-influenced loamy outwash
overlying sand, loamy sand, or sand and gravel outwash on
outwash plains (U.S. Department of Agriculture-Natural
Resources Conservation Service, 2015). Slopes range from 0
to 12 percent. These soils have a negligible to medium poten-
tial for surface runoff depending on the slope gradients. The
Oshtemo Loam consists of sandy loam, loamy fine sand, and
fine sand that are deep, well-drained soils formed in stratified
loamy and sandy deposits on outwash plains. Slopes range
from 1 to 12 percent. These soils have a runoff potential rang-
ing from negligible to medium. The Oshtemo soil type has use
restrictions preventing the application of IXF when the water
table is less than 25 feet below the land surface (fig. 1). The
Houghton Loam consists of deep, very poorly drained soils
formed in herbaceous organic materials as depressions on lake
or outwash plains. Slopes can range from 0 to 2 percent. These
soils in a pond area at the site have a very slow potential for

surface runoff. The cropping rotation at the site consisted of
corn during years 1, 2, 3, and 5 and soybeans during year 4
of the monitoring period (calendar years 2015-19), and IXF
applied only to the Kalamazoo Loam soils during the study.
Five wells were installed in April 2015 consisting of
2-inch polyvinyl chloride (PVC) casings with 10-foot pre-
packed screens and completed with locking metal protective
casings and 3 by 3 foot concrete bases (fig. 2). One upgradient
well (W2) and three downgradient wells (W3, W4, and W5)
were instrumented with pressure transducers to monitor water
levels throughout the growing season during each year of the
project. Monitoring water quality at the groundwater site con-
sisted of sample collection at six sites throughout each grow-
ing season during the 5-year study (2015-19). Groundwater
samples were collected from shallow and deep wells near
the application area; two upgradient wells are along the west
side of the field and three downgradient wells (2 shallow and
1 deep) are along the east side of the field (table 1). W3 (deep)
and W4 (shallow) are next to each other in the upper and
lower parts of the same sand unit. Additional grab samples
were collected periodically throughout each growing season
from the pond near the southeast corner of the field.
Groundwater samples collected for this study
were generally oxic (median dissolved oxygen con-
centration—10.16 milligrams per liter [mg/L]; 10th-90th
percentiles—S8.48—10.91 mg/L). Groundwaters were circum-
neutral to slightly alkaline (median pH—7.39; 10th-90th
percentiles—7.17-7.67) and had appreciable concentrations of
major ions, as indicated by specific conductance (median spe-
cific conductance—681 microsiemens per centimeter [uS/cm]
at 25C; 10th-90th percentiles—571-834 pS/cm at 25C).

Surface-Water Study Area

The area selected for surface-water monitoring is
in Akron Township in the northwestern part of Tuscola
County (fig. 3) on the eastern side of the Lower Peninsula
of Michigan. The surface-water study area is in the Pigeon-
Wiscoggin watershed. Agriculture is the primary land use
category with corn, soybeans, dry beans, and winter wheat
being the primary crops in 2013. Soil in this study area
consists mainly of Tappan Loam, which is characterized as a
poorly drained loam with the potential for surface runoff rang-
ing from negligible to high (U.S. Department of Agriculture-
Natural Resources Conservation Service, 2015). These soils
formed in loamy till over dense loamy till. Slopes generally
range from 0 to 2 percent.

The 40 acre field was retiled in 2014 with 4 inch tiles
running north and south spaced about 32 feet apart. There
are 37 tiles that discharge into Randall Drain to the north and
1 tile that discharges into Randall Drain to the west just south
of the driveway access. Flow in Randall Drain moves to the
north along the west edge of the field and to the west along the
north edge of the field. Site inspections indicated the potential
for surface runoff at the northwest edge of the field along the
driveway access and at an area about midway on the west
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Figure 1. Groundwater study area and sampling sites, Kalamazoo County, Michigan.
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Figure 2. Well W2 (U.S. Geological Survey station

number 421023085411201) in groundwater study area, Kalamazoo
County, Michigan; photograph by Carol Luukkonen, U.S.
Geological Survey.

Table 1. Description of well characteristics at the groundwater
study area, Kalamazoo County, Michigan.

[USGS, U.S. Geological Survey; ft, feet; NAVD 88, North American Vertical
Datum of 1988]

USGS station Well Depth S_creened Land surface
number name (ft) interval datum
(ft) (NAVD 88)
421052085411201 W1 31 21-31 907.70
421023085411201 w2 29 19-29 907.01
421024085403801 w3 41 3040 901.27
421024085403701 w4 27 17-27 901.35
421036085403301 w5 32 22-32 912.45

side of the field. No ponds near the surface-water site were
available for monitoring water quality. During the monitor-
ing period, the cropping rotation consisted of corn during
years 1, 3, and 5 (2015, 2017, and 2019) and soybeans during
years 2 and 4 (2016 and 2018).

Composite automatic samplers were installed in
April 2015 at one tile site and at the surface runoff area beside
the driveway access to the field. The surface runoff area is
where surface runoff flows into the drainage ditch during
large precipitation events. At these two sites, custom-made
weather resistant wood enclosures were constructed to house
the samplers and additional equipment, which included a stage
(water level) recorder, 12 volt deep cycle marine battery, data
logger, and modem for telecommunication that enabled data
acquisition and real-time programming (fig. 4). Each site also
was equipped with a solar panel to assist with maintaining
battery charge. At the surface runoff site, a tipping bucket rain
gage was installed to measure rainfall (fig. 5). Some equip-
ment, including samplers, batteries, dataloggers, and modems
were removed from each enclosure each fall to extend equip-
ment life and then reinstalled each spring for the start of the
next monitoring season. Monitoring water quality in field and
subsurface runoff consisted of sample collection at five sites
throughout each growing season. Surface-water samples and
flow rates at drain sites were collected at points upgradient to
the field near the southwest and northeast field corners and at a
point downgradient to the field at the northwest corner.
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Figure 4. Composite automatic sampler and associated
equipment at the Tile 17 site (U.S. Geological Survey station
number 041572264), in the surface-water study area,
Tuscola County, Michigan; photograph by Carol Luukkonen,
U.S. Geological Survey.

The surface-water sites, when flowing, generally car-
ried oxic waters (median dissolved oxygen concentra-
tion—9.08 mg/L; 10th—90th percentiles—4.21-12.65 mg/L).
Surface waters were circumneutral to slightly alkaline (median
pH—7.77; 10th—90th percentiles—7.21-8.33) and carried
appreciable concentrations of major ions, as indicated by spe-
cific conductance (median specific conductance—722 pS/cm
at 25 degrees Celsius; 10th-90th percentiles—323-909 pS/cm
at 25 °C).

Figure 5. Equipment enclosure and rain gage at the runoff

site (U.S. Geological Survey station number 041572269), in the
surface-water study area, Tuscola County, Michigan; photograph
by Julia Prokopec, U.S. Geological Survey.

Study Design

This study was designed to investigate the potential
persistence and buildup of IXF degradates in the environ-
ment near application areas. Sample collection was led at each
study area over a 5-year period so that sample collection could
occur during and after IXF usage. IXF was applied during the
first, third, and fifth year of the study to the groundwater and
surface-water study areas (table 2). The proposed number of
samples and the timing of sample collection depended on IXF
application frequency, prior year sampling results, site charac-
teristics, and weather conditions. Hydrologic data including,
drain flow, precipitation, and groundwater levels were col-
lected to assist with data interpretation.
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Table 2. Crop information and 5-cyclopropyl-4-(2-methylsulfonyl-4-trifluoromethylbenzoyl) isoxazole (isoxaflutole or IXF) application

dates during the study, Tuscola and Kalamazoo Counties, Michigan.

[GW, groundwater; SW, surface water; IXF, 5-cyclopropyl-4-(2-methylsulfonyl-4-trifluoromethylbenzoyl) isoxazole; TCM, thiencarbazone-methyl and tembot-

rione]
Y Crop and planting date Herbicide and application date
ear
GW study area SW study area GW study area SW study area
2015 Corn, May 3, 2015 Corn, May 1, 2015 IXF/TCM and atrazine, May 15, 2015 IXF and atrazine, May 7, 2015
2016 Corn, May 9, 2016 Soybeans, May 10,2016 TCM and atrazine, June 3, 2016 Glyphosate/classic herbicide and
glyphosate, twice in June 2017
2017 Corn, May 17, 2017 Corn, May 10, 2017 IXF/TCM and atrazine, May 19, 2017 IXF and atrazine, May 13, 2017
2018 Soybeans, April 30,2018 Soybeans, May 2, 2018 Metolachlor and metribuzin, April 30, Flumioxazin and metribuzin,
2018; chlorimuron ethyl/thifensulfuron May 3, 2018
methyl, fomesafen, and clethodim,
June 18, 2018; prothioconazole/tri-
floxystrobin and imidacloprid/cyfluth-
rin, July 11, 2018
2019 Corn, June 3—4, 2019 Corn, May 18, 2019 IXF and simizine, June 8, 2019 IXF and atrazine, May 18, 2019

Water Quality

Water quality is characterized using environmental
and quality assurance/quality control (QA/QC) samples.
Environmental samples are used to document pesticide occur-
rences in groundwater and surface water and QA/QC samples
are used to evaluate data quality. Field and analytical methods
encompass sampling procedures, equipment cleaning, and data
preparation for analysis.

Environmental Samples

Each year, sample collection began in March/April
before planting and herbicide application and continued
until October/November after harvest from 2015 until 2019
(table 3). One set of four post-study samples was collected
in 2020 at the groundwater study area. Sample collection
sites included upgradient and downgradient locations. The
upgradient locations were unlikely to have herbicides from
the monitored fields but might show detections of herbicides
if IXF was applied on other nearby fields. For example, water
flowing to W1 would most likely originate from areas west of
the study field.

At the groundwater study area, typically four samples
were collected from each study site from 2015 to 2019.
Samples were collected at three wells and at the pond once
in 2020. A total of 121 environmental samples were collected
at the groundwater study area.

At the surface-water study area, samples were collected
from tiles, a surface runoff area, and upstream and down-
stream drain sites after rainfall events each year from 2015
to 2019. During the first year of the study, about 10 rainfall
events were sampled to test various equipment configurations
and to ensure that samples were collected from storms of vary-
ing intensities; thereafter, about 3—4 events were sampled each
year. Additional periodic grab samples were collected at two

additional tile sites for comparison with results from the tile
sampler location during the first year. At each drain site during
the fall of the third year (2017), samples were collected during
base flow conditions due to a lack of sizeable rain events that
would generate flow at the tile and runoff sampler locations.

A total of 110 environmental samples were collected at the
surface-water study area.

Field and Analytical Methods

Samples were collected using USGS standard methods
(U.S. Geological Survey, variously dated). Sample collection
occurred during the pre-planting/pre-application period, grow-
ing season months (generally June to August), and fall/harvest
period. Sampling procedures at the drain sites consisted of col-
lecting composite equal width-integrated samples across each
section of the drain with equidistant verticals and equal transit
rates within each vertical to yield a representative sample of
drain condition (Shelton, 1994). Discharge flow measure-
ments followed USGS standard procedures (Turnipseed
and Sauer, 2010). Grab samples from two to three locations
were collected and composited at the pond site. Groundwater
samples were collected from the pump discharge tubing after
purging approximately three well volumes and stabilizing field
parameters (U.S. Geological Survey, 20006).

All sampling equipment was cleaned following USGS
standard procedures for organic-compound sampling equip-
ment (U.S. Geological Survey, 2004). Each 10 liter (L) glass
sampler jar, Teflon bottle, and nozzle holder was cleaned and
then double bagged until used. Before collecting samples at
the drain or pond sites, equipment was field rinsed according
to USGS standard procedures. Groundwater pump and sample
tubing were cleaned before sampling and after sampling each
well at the site. Composite automatic sampler tubing was
cleaned each spring before sample collection and in the fall
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Table 3. Numbers of samples each year by site.

[QA/QC, quality assurance/quality control]

Groundwater study area Surface-water study area

Year Environmental samples s::]/ﬁss Environmental samples sgﬁlﬁgs

V“,'\',’:' V“,';Z" V“,"‘,’;' Vm‘ V“,’:;' Pond Total Total gi't:';' gi’t:'; gi’t:'g s:::':lf; sa.lrtlllpeler Tile11 Tile29 Total* Total*
2015 3 4 4 4 2 4 21 6 8 9 11 8 6 2 2 46 10
2016 4 4 4 4 4 4 24 6 3 3 3 2 4 0 0 15 5
2017 4 4 4 4 4 4 24 5 3 3 3 2 3 0 0 14 4
2018 4 4 4 4 4 4 24 5 3 3 3 2 2 0 0 13 5
2019 4 4 4 4 4 4 24 6 4 5 6 3 4 0 0 22 7
2020 0 0 1 1 1 1 4 0 0 0 0 0 0 0 0 0 0
Total* 19 20 21 21 19 21 121 28 21 23 26 17 19 2 2 110 31

*Totals includes source solution blanks collected at U.S. Geological Survey station number 423952084321400 (Lansing, Mich, Laboratory Quality Assurance

Samples) in 2015 and 2017.

after the last sampling event for the season. During the third
to fifth years of the study, the composite automatic sampler
tubing was cleaned after each sampling event to minimize or
eliminate the potential for carryover from one sampling event
to the next.

At the surface-water study area, field measurements of
pH, conductance, temperature, and dissolved oxygen were
measured at three locations across the channel at each drain
site or from the remainder of the water in the composite sam-
pler jar. At the groundwater study area, field measurements
of pH, conductance, temperature, and dissolved oxygen were
measured using water discharged from the pump tubing at
each well or from the remainder of the water in the sample jar
at the pond site. All samples were filtered through a disposable
0.7 micrometer syringe tip filter (Sandstrom and Wilde, 2014).
After collection and processing, samples were placed in a
cooler with dry ice and shipped overnight or were stored in
a deep freezer at <—10 °C until shipment to the laboratory.
Samples sent to the U.S. Geological Survey National Water
Quality Laboratory (NWQL) in Denver, Colorado, were ana-
lyzed for NWQL Lab Schedule 2437 pesticides (table 4) using
the direct aqueous injection liquid chromatography tandem
mass spectrometry method (Sandstrom and others, 2016).

The NWQL detection limit (DLDQC; Bonn, 2008)
is described in ASTM International’s Standard Practice
D6091-07 (ASTM International, 2007) and supporting
DQCALC software (Standard Practice D7510-10; ASTM
International, 2010) and is now required for a laboratory to
maintain National Environmental Laboratory Accreditation
Conference (NELAC Institute) accreditation. The DLDQC is
the lowest concentration that with 90-percent confidence will
be exceeded no more than 1 percent of the time when a blank
sample is measured, and there is less than a 1-percent chance
of a false-positive determination. In conjunction with the
DLDQC, NWQL uses a laboratory reporting level (RLDQC)

set equal to (or greater than) two times the DLDQC. The prob-
ability of falsely reporting a non-detection for a sample that
contains an analyte at the RLDQC concentration is predicted
to be <1 percent.

Over the course of the study, RLDQC for some param-
eters in Lab Schedule 2437 were revised with limits increased
for 62 compounds and decreased for 40 compounds. The
RLDQC increased from 0.013 to 0.018 ug/L for IXF and
from 0.009 to 0.0092 ng/L for BAA during the second year
of monitoring; the RLDQC did not change for DKN during
the study. The RLDQCs also were periodically increased for
these three compounds due to laboratory quality assurance
issues, such as instrumentation sensitivity or sample dilu-
tion. For IXF, increased RLDQCs were common: 108 of
227 samples (48 percent) had sample results reported as a
non-detect at levels greater than the laboratory reporting limit
0f' <0.013/<0.018. Sometimes, reporting levels were more than
13 times the method detection limit. For BAA, 33 of 227 sam-
ples (14 percent) and 7 of 227 DKN samples (3 percent) had
reported non-detects greater than the RLDQC. These increased
reporting limits may result in samples where the compound
may have been present but was not quantifiable.

Quality Assurance/Quality Control Samples

Quality assurance/quality control (QA/QC) samples were
collected to allow for an evaluation of data quality and a better
understanding of potential errors in data results (table 5). To
ensure samples are representative of environmental conditions,
that cross contamination did not occur, and to document ana-
lytical variability, blank, replicate, and matrix spike samples
were assessed for each study area. QA/QC samples were dis-
tributed spatially and temporally over a range of conditions to
ensure adequate evaluation of the potential effects of bias and
variability. Each QA/QC sample type was collected at a subset
of sampling sites representing likely sources of variability
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Table 4. National Water Quality Laboratory Schedule 2437 pesticides.

[CASRN, Chemical Abstracts Service Registry Number; RL, reporting level; ng/L, nanograms per liter; pct, percent; OIET, 2-hydroxy-4-isopropylamino-
6-ethylamino-s-triazine; CAAT, 2-Chloro-4,6-diamino-s-triazine; CEAT, 2-chloro-6-ethylamino-4-amino-s-triazine; SAA, sulfinylacetic acid; EPTC, s-ethyl
dipropylthiocarbamate; RPA, Rhone-Poulenc Ag Company; MCPA, 2-methyl-4-chlorophenoxyacetic acid; DK, diketo; TP, transformation product;--, not
applicable]

Analyte CASRN number  RL (before 1/1/16) RL (after 1/1/16) Unit
1H-1,2,4-Triazole 116421-29-5 22 22 ng/L
24-D 94-75-7 62 62 ng/L
2,4-D—d,, surrogate, water,filtered, percent recovery (surrogate) -- -- -- pct
2-(1-Hydroxyethyl)-6-methylaniline 196611-19-5 94 94 ng/L
O-Ethyl-S-methyl-S-propyl phosphorodithioate -- 4 3 ng/L
2-Amino-N-isopropylbenzamide 30391-89-0 4 4 ng/L
2-Aminobenzimidazole 934-32-7 9 9 ng/L
2-Hydroxy-4-isopropylamino-6-ethylamino-s-triazine (OIET) 2163-68-0 8 8 ng/L
2-Isopropyl-6-methyl-4-pyrimidinol 2814-20-2 20 20 ng/L
2-[(2-Ethyl-6-methylphenyl)amino]-1-propanol 61520-53+4 5 5 ng/L
N-(3,4-Dichlorophenyl)-N'-methylurea 3567-62-2 5 5 ng/L
3.,4-Dichlorophenylurea 155998 144 144 ng/L
3-Phenoxybenzoic acid 3739-38-6 61 61 ng/L
3-Phenoxybenzoic acid-13C, (surrogate) -- - -- pet
4-(Hydroxymethyl)pendimethalin 56750-76-6 213 213 ng/L
4-Chlorobenzylmethyl sulfoxide 934-73-6 4 32 ng/L
4-Hydroxy molinate 66747124 7 7 ng/L
4-Hydroxychlorothalonil 28343-61-5 98 98 ng/L
4-Hydroxyhexazinone A 72576-13-7 3 3 ng/L
Acephate 30560-19-1 10 10 ng/L
Acetochlor 34256-82-1 10 10 ng/L
Acetochlor oxanilic acid 194992-44—4 90 90 ng/L
Acetochlor sulfonic acid 187022-11-3 100 320 ng/L
Acetochlor sulfynilacetic acid 618113-86-3 176 176 ng/L
Acetochlor-d,, (surrogate) 1189897—-44—6 -- -- pct
Alachlor 15972-60-8 9 ng/L
2-Chloro-2',6"-diethylacetanilide 6967-29-9 ng/L
Alachlor oxanilic acid 171262—-17-2 84 84 ng/L
Alachlor sulfonic acid 142363-53-9 200 360 ng/L
Alachlor sulfynilacetic acid 494847-39-1 169 169 ng/L
Alachlor-d,; (surrogate) 1015856—63-9 -- -- pct
Aldicarb 116-06-3 8 8 ng/L
Aldicarb sulfone 1646-88—4 20 20 ng/L
Aldicarb sulfoxide 1646-87-3 2.2 ng/L
Ametryn 834-12-8 2.6 ng/L
Asulam 3337-71-1 28 50 ng/L
Atrazine 1912-24-9 5 6.8 ng/L
Azinphos-methyl 86-50-0 8 8 ng/L
Azinphos-methyl oxon 961-22-8 15 15 ng/L
Azoxystrobin 131860-33-8 3 3 ng/L
Bentazon 25057-89-0 10 9 ng/L
Bifenthrin 82657-04-3 19 19 ng/L
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Table 4. National Water Quality Laboratory Schedule 2437 pesticides.—Continued

[CASRN, Chemical Abstracts Service Registry Number; RL, reporting level; ng/L, nanograms per liter; pct, percent; OIET, 2-hydroxy-4-isopropylamino-
6-ethylamino-s-triazine; CAAT, 2-Chloro-4,6-diamino-s-triazine; CEAT, 2-chloro-6-ethylamino-4-amino-s-triazine; SAA, sulfinylacetic acid; EPTC, s-ethyl
dipropylthiocarbamate; RPA, Rhone-Poulenc Ag Company; MCPA, 2-methyl-4-chlorophenoxyacetic acid; DK, diketo; TP, transformation product; --, not

applicable]
Analyte CASRN number  RL (before 1/1/16) RL (after 1/1/16) Unit

Bromacil 314-40-9 6 5.6 ng/L
Bromoxynil 1689-84-5 79 79 ng/L
Butachlor sulfonic acid (surrogate) 187022—-12—4 -- -- pct

Butralin 33629-47-9 5 ng/L
Butylate 2008-41-5 10 ng/L
Carbaryl 63-25-2 5.6 ng/L
Carbaryl-d, (surrogate) 362049-56-7 -- -- pct

Carbendazim 10605-21-7 3 10 ng/L
Carbendazim-d, (surrogate) 291765-95-2 -- -- pct

Carbofuran 1563-66-2 4 5 ng/L
3-Hydroxycarbofuran 16655-82—6 16 16 ng/L
Carbofuran-d; (surrogate) 1007459-98—4 -- -- pct

Carboxy molinate 66747-13-5 22 50 ng/L
Chlorimuron-ethyl 90982-324 8 8.8 ng/L
Chlorosulfonamide acid 130-45-0 75 75 ng/L
Chlorpyrifos 2921-88-2 4 ng/L
Chlorpyrifos oxon -- 4 ng/L
Chlorsulfuron 64902-72-3 50 50 ng/L
2-Chloro-4-isopropylamino-6-amino-s-triazine 6190-65—4 11 11 ng/L
cis-Cyhalothrin acid 68127-59-3 86 86 ng/L
cis-Permethrin 61949-76-6 2 4.2 ng/L
cis-Permethrin-13C, (surrogate) -- -- -- pet

Cyanazine 21725-46-2 16 50 ng/L
Dacthal monoacid 887-54-7 500 2,700 ng/L
Dechlorofipronil -- 4 3.8 ng/L
Dechlorometolachlor 126605-22-9 2 2 ng/L
Deethylatrazine-d, (surrogate) -- -- -- pct

2-Chloro-4,6-diamino-s-triazine {CAAT} (Didealkylatrazine) 3397-62-4 24 24 ng/L
Deiodo flubendiamide -- 4 10 ng/L
Deisopropyl prometryn 4147-57-3 3 2.8 ng/L
2-Chloro-6-ethylamino-4-amino-s-triazine {CEAT} 1007-28-9 20 20 ng/L
Demethyl fluometuron 3032404 2 3.6 ng/L
Demethyl hexazinone B 56611-54-2 3 ng/L
Demethyl norflurazon 23576-24-1 ng/L
Desamino metribuzin -- ng/L
Desamino-diketo metribuzin 52236-30-3 200 200 ng/L
Desulfinylfipronil -- 3.8 ng/L
Desulfinylfipronil amide -- 9 10 ng/L
Diazinon 333-41-5 3 2.8 ng/L
Diazinon oxon -- 4 4 ng/L
Diazinon-d,, (surrogate) 100155-47-3 -- -- pct

Dicamba 1918-00-9 500 2,400 ng/L
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Methods of Investigation

[CASRN, Chemical Abstracts Service Registry Number; RL, reporting level; ng/L, nanograms per liter; pct, percent; OIET, 2-hydroxy-4-isopropylamino-

6-ethylamino-s-triazine; CAAT, 2-Chloro-4,6-diamino-s-triazine; CEAT, 2-chloro-6-ethylamino-4-amino-s-triazine; SAA, sulfinylacetic acid; EPTC, s-ethyl

dipropylthiocarbamate; RPA, Rhone-Poulenc Ag Company; MCPA, 2-methyl-4-chlorophenoxyacetic acid; DK, diketo; TP, transformation product; --, not

13

applicable]
Analyte CASRN number  RL (before 1/1/16) RL (after 1/1/16) Unit

Dichlorvos -- 52 52 ng/L
Dicrotophos 141-66-2 4 4 ng/L
Didemethyl hexazinone F 56611-54-2 10 10 ng/L
Diflubenzuron 35367-38-5 6 6 ng/L
Diflubenzuron-d, (surrogate) -- -- -- pct

Diflufenzopyr 109293-97-2 88 72 ng/L
Diketonitrile-isoxaflutole 143701-75-1 62 62 ng/L
Dimethachlor sulfonic acid (surrogate) -- -- -- pct

Dimethenamid 87674-68-8 3 3 ng/L
Dimethenamid oxanilic acid -- 85 85 ng/L
Dimethenamid sulfonic acid 205939-58-8 79 79 ng/L
Dimethenamid SAA -- 189 189 ng/L
Dimethoate 60-51-5 3 4.6 ng/L
Disulfoton 298-04-4 13 11 ng/L
Disulfoton oxon 126-75-0 2 2 ng/L
Disulfoton oxon sulfone 2496-91-5 7 6 ng/L
Disulfoton oxon sulfoxide 2496-92-6 7 6 ng/L
Disulfoton sulfone 6/5/2497 9 9 ng/L
Disulfoton sulfoxide 7/6/2497 4 4 ng/L
Diuron 330-54-1 5 5 ng/L
Diuron-d, (surrogate) -- -- -- pct

EPTC 759-94-4 206 206 ng/L
EPTC degradate R248722 -- 4 4 ng/L
Ethoprop 13194-48-4 5 5 ng/L
Etoxazole 153233-91-1 2 4.2 ng/L
Famoxadone 131807-57-3 60 -- ng/L
Fenamiphos 22224-92-6 2 2 ng/L
Fenamiphos sulfone 31972-44-8 5 ng/L
Fenamiphos sulfoxide 31972-43-7 5 ng/L
Fenbutatin oxide 13356-08—6 20 100 ng/L
Fentin 668-34-8 16 30 ng/L
Fipronil 120068-37-3 4 4 ng/L
Fipronil amide -- 9 9.2 ng/L
Fipronil sulfide 120067-83-6 4 4.2 ng/L
Fipronil sulfonate 209248-72-6 96 96 ng/L
Fipronil sulfone 120068-36-2 4 5.6 ng/L
Flubendiamide 272451-65-7 5 4.4 ng/L
Flumetsulam 98967-40-9 17 17 ng/L
Fluometuron 2164-17-2 3 34 ng/L
Fonofos 944-22-9 11 11 ng/L
Halosulfuron-methyl 100784-20-1 22 22 ng/L
Hexazinone 51235-04-2 3 3.6 ng/L
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Table 4. National Water Quality Laboratory Schedule 2437 pesticides.—Continued

[CASRN, Chemical Abstracts Service Registry Number; RL, reporting level; ng/L, nanograms per liter; pct, percent; OIET, 2-hydroxy-4-isopropylamino-
6-ethylamino-s-triazine; CAAT, 2-Chloro-4,6-diamino-s-triazine; CEAT, 2-chloro-6-ethylamino-4-amino-s-triazine; SAA, sulfinylacetic acid; EPTC, s-ethyl
dipropylthiocarbamate; RPA, Rhone-Poulenc Ag Company; MCPA, 2-methyl-4-chlorophenoxyacetic acid; DK, diketo; TP, transformation product; --, not

applicable]
Analyte CASRN number  RL (before 1/1/16) RL (after 1/1/16) Unit

Hexazinone Transformation Product C 72585-88-7 2 2 ng/L
Hexazinone Transformation Product D 30243-77-7 200 294 ng/L
Hexazinone Transformation Product E 72576-14-8 76 76 ng/L
Hexazinone Transformation Product G -- 22 22 ng/L
Hexazinone-d, (surrogate) -- -- -- pct

Hydroxyacetochlor 60090—47-3 20 ng/L
Hydroxyalachlor 56681-55-1 6 ng/L
Hydroxy monodemethyl fluometuron -- 10 12 ng/L
Hydroxydiazinon 29820-164 11 11 ng/L
Hydroxy didemethyl fluometuron -- 20 50 ng/L
Hydroxyfluometuron -- 8 8 ng/L
Hydroxymetolachlor 131068-72-9 2 24 ng/L
Hydroxyphthalazinone -- 46 46 ng/L
Hydroxysimazine 11/3/2599 3 100 ng/L
Hydroxytebuthurion 59962-54-8 11 11 ng/L
Imazamox 114311-32-9 28 28 ng/L
Imazaquin 81335-37-7 19 18 ng/L
Imazethapyr 81335-77-5 20 20 ng/L
Imidacloprid 138261-41-3 11 16 ng/L
Indoxacarb 173584-44-6 8 5.2 ng/L
Isoxaflutole 141112-29-0 13 18 ng/L
Isoxaflutole acid metabolite RPA 203328 142994-06-7 9 9.2 ng/L
Kresoxim-methyl 143390-89-0 5 5 ng/L
Lactofen 77501-63—4 3 10 ng/L
Linuron 330-55-2 6 5.6 ng/L
Linuron-dimethyl-d,; (surrogate) -- -- -- pct

Malaoxon 1634-78-2 3 24 ng/L
Malathion 121-75-5 6 54 ng/L
Malathion-diethyl-d,, (surrogate) 347841-48-9 -- -- pet

MCPA 94-74-6 95 95 ng/L
Metalaxyl 57837-19-1 6 6 ng/L
Metconazole 125116-23-6 5 5 ng/L
Methamidophos 10265-92-6 3 10 ng/L
Methidathion 950-37-8 10 8.4 ng/L
Methomyl 16752-77-5 3 3 ng/L
Methomyl oxime 13749-94-5 500 1,000 ng/L
Methoxyfenozide 161050-58—4 2 2.2 ng/L
Methyl paraoxon 950-35-6 19 19 ng/L
Metolachlor 51218-45-2 9 9 ng/L
Metolachlor hydroxy morpholinone 61520-54-5 7 10 ng/L
Metolachlor oxanilic acid 152019-73-3 149 149 ng/L
Metolachlor sulfonic acid 171118-09-5 68 68 ng/L
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[CASRN, Chemical Abstracts Service Registry Number; RL, reporting level; ng/L, nanograms per liter; pct, percent; OIET, 2-hydroxy-4-isopropylamino-
6-ethylamino-s-triazine; CAAT, 2-Chloro-4,6-diamino-s-triazine; CEAT, 2-chloro-6-ethylamino-4-amino-s-triazine; SAA, sulfinylacetic acid; EPTC, s-ethyl
dipropylthiocarbamate; RPA, Rhone-Poulenc Ag Company; MCPA, 2-methyl-4-chlorophenoxyacetic acid; DK, diketo; TP, transformation product; --, not
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applicable]
CASRN number  RL (before 1/1/16) RL (after 1/1/16) Unit

Metolachlor-d, (surrogate) -- -- -- pct

Metribuzin 21087-64-9 20 20 ng/L
Metribuzin DK 56507-37-0 200 236 ng/L
Molinate 2212-67-1 18 50 ng/L
Myclobutanil 88671-89-0 7 7 ng/L
Naled 300-76-5 30 56 ng/L
Nicosulfuron 111991-09-4 14 12 ng/L
Nicosulfuron-d, (surrogate) 1189419-41-7 -- -- pct

Norflurazon 27314-13-2 34 ng/L
Novaluron 116714-46-6 9 50 ng/L
O-Ethyl-O-methyl-S-propylphosphorothioate 76960-87-7 5 5 ng/L
O-Ethyl-S-propyl phosphorothioate 31110-62-0 64 64 ng/L
2-Hydroxy-6-ethylamino-4-amino-s-triazine 7313-54-4 6 100 ng/L
2-Hydroxy-4-isopropylamino-6-amino-s-triazine 19988-24-0 4 ng/L
Omethoate (Dimethoate oxon) 1113-02-6 2 ng/L
Orthosulfamuron 213464-77-8 6 ng/L
Oryzalin 19044-88-3 11 12 ng/L
Oxamyl 23135-22-0 2 2 ng/L
Oxamyl oxime 30558431 2 5 ng/L
Oxyfluorfen 42874-03-3 500 500 ng/L
Paraoxon 311-45-5 4 34 ng/L
Pendimethalin 40487-42-1 3 10 ng/L
Phorate 298-02-2 6 11 ng/L
Phorate oxon 2600-69-3 4 100 ng/L
Phorate oxon sulfone 6/9/2588 20 20 ng/L
Phorate oxon sulfoxide 5/8/2588 7 7 ng/L
Phorate sulfone 4/7/2588 9 9 ng/L
Phorate sulfoxide 3/6/2588 5 4.6 ng/L
Phthalazinone -- 6 15 ng/L
Piperonyl butoxide 51-03-6 4 60 ng/L
Profenofos 41198-08-7 3 3 ng/L
Prometon 1610-18-0 4 4 ng/L
Prometryn 7287-19-6 2 4.2 ng/L
Propanil 709-98-8 11 12 ng/L
Propargite 2312-35-8 2 2 ng/L
Propazine 139-40-2 4 3.2 ng/L
Propiconazole 60207-90-1 6 6 ng/L
Propoxur 114-26-1 4 32 ng/L
Propyzamide 23950-58-5 4 24 ng/L
Prosulfuron 94125-34-5 8 10 ng/L
Pymetrozine 123312-89-0 2 -- ng/L
Pyraclostrobin 175013-18-0 3 24 ng/L
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Table 4. National Water Quality Laboratory Schedule 2437 pesticides.—Continued

[CASRN, Chemical Abstracts Service Registry Number; RL, reporting level; ng/L, nanograms per liter; pct, percent; OIET, 2-hydroxy-4-isopropylamino-
6-ethylamino-s-triazine; CAAT, 2-Chloro-4,6-diamino-s-triazine; CEAT, 2-chloro-6-ethylamino-4-amino-s-triazine; SAA, sulfinylacetic acid; EPTC, s-ethyl
dipropylthiocarbamate; RPA, Rhone-Poulenc Ag Company; MCPA, 2-methyl-4-chlorophenoxyacetic acid; DK, diketo; TP, transformation product; --, not

applicable]
Analyte CASRN number  RL (before 1/1/16) RL (after 1/1/16) Unit

Pyridaben 96489-71-3 3 24 ng/L
Pyriproxyfen 95737-68-1 3 3 ng/L
2-Chloro-N-(2-ethyl-6-methylphenyl)acetamide 32428-71-0 5 5 ng/L
sec-Acetochlor oxanilic acid 152019-74-4 52 52 ng/L
sec-Alachlor oxanilic acid -- 135 135 ng/L
Siduron 1982-49-6 5 5 ng/L
Simazine 122-34-9 10 7.2 ng/L
Sulfentrazone 122836-35-5 11 18 ng/L
Sulfometuron-methyl 74222-97-2 4 4 ng/L
Sulfosulfuron 141776-32-1 9 11 ng/L
Sulfosulfuron ethyl sulfone -- 3 2.8 ng/L
2,3,3-Trichloro-2-propene-1-sulfonic acid (TCPSA) 65600-62—-6 54 54 ng/L
Tebuconazole 107534-96-3 5 5 ng/L
Tebuconazole-d, (surrogate) -- -- -- pet

Tebufenozide 112410-23-8 2 2 ng/L
Tebupirimphos 96182-53-5 2 ng/L
Tebupirimfos oxon -- 2 ng/L
Tebuthiuron 34014-18-1 3 ng/L
Tebuthiuron TP 104 -- 6 5.6 ng/L
Tebuthiuron Transformation Product 106 -- 76 76 ng/L
Tebuthiuron TP 1108 39222-73-6 10 10 ng/L
Tebuthiuron TP 1109 -- 17 38 ng/L
Terbacil 5902-51-2 21 21 ng/L
Terbufos 13071-79-9 4 6.8 ng/L
Terbufos oxon 56070-14-5 4 4 ng/L
Terbufos oxon sulfone -- 11 11 ng/L
Terbufos oxon sulfoxide 56165-57-2 4 4 ng/L
Terbufos sulfone 56070-16-7 11 11 ng/L
Terbufos sulfoxide 10548-10—4 3 3 ng/L
Terbuthylazine 5915-41-3 3 3.6 ng/L
Tetraconazole 112281-77-3 6 7 ng/L
Thiobencarb 28249-77-6 2 42 ng/L
Thiobencarb-d,, (surrogate) -- -- -- pct

trans-Permethrin 61949-77-7 4 3.8 ng/L
Triallate -- 16 12 ng/L
Tribufos 78-48-8 2 2 ng/L
Triclopyr 55335-06-3 88 88 ng/L
Trifloxystrobin 141517-21-7 2 2.8 ng/L
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Table 5. Types of quality assurance/quality control samples collected during this study, Tuscola and Kalamazoo Counties, Michigan.

[NA, not applicable]

Type of quality Surface-water study area Groundwater study area Total
control sample Sample site Number collected Sample site Number collected
Field equipment blank Tile 2 Wells 8 26
Runoff 7 Pond 2
Drains 3 NA NA
Replicate Tile 2 Wells 4 13
(spilt or sequential) Runoff 1 Pond
Drains 2 NA NA
Matrix spike Tile 1 Wells 3 10
Runoff 1 Pond
Drains 3 NA NA

Source solution blank  U.S. Geological Survey Lansing, Mich., laboratory quality assurance samples (site number 423952084321400) 2

and potential sources of contaminants. Analytical results for
the QA/QC samples were investigated before analysis and
interpretation of environmental sample data to determine data
quality and whether any qualifications of the environmen-

tal concentrations were necessary. The primary compounds
included in this QA/QC analysis were IXF, DKN, and BAA;
however, several other frequently detected compounds were
also investigated.

Field blanks, prepared using blank water obtained and
certified to be free of target compounds by the NWQL,
are intended to document the frequency and magnitude of
contamination in environmental samples and are prepared so
that the blank water is exposed to the potential contamination
sources that might affect the environmental samples (Mueller
and others, 2015). Field blank samples were analyzed to help
determine whether sample collection, processing, transport,
or laboratory analysis had introduced contamination from
sample collection. Additionally, field blanks were used to
assess whether equipment had been adequately cleaned and
decontaminated before use. Field blanks were collected for
the following equipment sets used during sample collection:
(1) pump and tubing used for groundwater sampling, (2) 10-L
glass jars and sampler tubing used in the portable automatic
samplers, (3) 10-L glass jars and Teflon bottles used for pond
sampling, and (4) 10-L glass jars, Teflon bottles, and nozzle
holders used for drain sampling.

In a 2017 sample at the runoff site in the surface-water
study area, BAA was detected in a blank sample at a con-
centration (0.01069 pg/L) close to the reporting level of
0.01 pg/L. IXF and DKN were not detected in any blank
samples; therefore, environmental sample concentrations
were not adjusted because of this one low-level detection.
Source solution blanks consisting of de-ionized water pro-
duced at the Lansing, Michigan, USGS office (USGS site
number 423952084321400) had no detections of any of the
pesticide compounds, indicating that the water was suitable for
equipment cleaning.

For the remaining pesticides, blank-sample results indi-
cated no detections for 213 (96 percent) of the 222 constitu-
ents analyzed by the NWQL (table 6). Of the nine compounds
detected in blank samples, only atrazine and tebuconazole
were detected in more than one blank sample. Atrazine was
detected in blank samples at the groundwater and surface-
water study areas. 2-Chloro-4,6-diamino-s-triazine (CAAT),
2-chloro-4-isopropylamino-6-amino-s-triazine (CIAT),
2-hydroxy-4-isopropylamino-6-amino-s-triazine (OIAT),
metalaxyl, and metolachlor SA were detected in blank samples
at the groundwater study area. 2,4-dichlorophenoxyacetic acid,
propoxur, and tebuconazole were detected in blank samples at
the surface-water study area.

One groundwater blank sample in 2018 had six detec-
tions with four of the detected compounds much higher than
the detection limit. IXF or its degradates were not detected in
this instance. Inspection of the relevant compound detections
in the environmental groundwater samples before and after
the blank sample does not yield much information about why
detections in the blank of the groundwater sampling equip-
ment were found. In the environmental sample collected after
the blank, all compound concentrations were less than the
detections in the blank. Further study of these compounds
would likely require some additional analyses to determine
whether removal or some censoring of concentrations in
wells is necessary. This blank sample appears to be anoma-
lous because all other groundwater and surface-water blank
samples had few, if any, low-level detections of pesticides,
indicating low potential for contamination.

At the surface-water study area, three blanks collected
in the spring indicated two compounds near the RLDQC.
Atrazine was detected at concentrations less than the RLDQC
in 2018 at the tile and runoff sites. Tebuconazole was detected
in 2015 in a blank sample collected in the sampler glass jar at
an estimated value less than the RLDQC. Tebuconazole was
also detected in the tile sampler at a concentration near the
RLDQC in 2019. Blanks of the surface-water sampling equip-
ment at the pond had no compound detections.



Table 6. Summary of detections in blank samples, groundwater and surface-water study areas, Michigan.

[mm, month; dd, day; yyyy, year; 2,4 D, 2,4-dichlorophenoxyacetic acid; CAAT, 2-Chloro-4,6-diamino-s-triazine; CIAT, 2-chloro-4-isopropylamino-6-amino-s-triazine; OIAT, 2-hydroxy-4-isopropylamino-
6-amino-s-triazine; CO, county; W, well; <, less than; E, estimated; TRIB, tributary; MI, Michigan]
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Sample date Isoxaflutole Metolachlor

Station name (mm/dd/yyyy) benzoic acid 24D Atrazine CAAT CIAT OIAT Metalaxyl sulfonic acid Propoxur Tebuconazole

uoneaijddy ajoinjjexos| jo sealy ul I13)ep\ 39eMNG pUe 13)eMpUNoIL) Jo Sishjeuy

Groundwater
03S 12W 26CC01 KALAMAZOO CO (W-2) 07/21/2015 <10 <62 <5 <24 <11 <4 <6 <68 <4 <5
03S 12W 26CC01 KALAMAZOO CO (W=2) 07/24/2015 <10 <62 <5 <24 <11 <4 <6 <68 <4 <5
03S 12W 26CD02 KALAMAZOO CO (W-4) 04/19/2016 <9 <62 58.41 <24 <11 <4 <6 <68 <4 <5
03S 12W 26CD01 KALAMAZOO CO (W-3) 08/24/2016 <50 <62 <6.8 <50 <11 <4 <6 <68 <3.2 <5
03S 12W 26CC01 KALAMAZOO CO (W=2) 04/24/2017 <9.2 <62 <6.8 <25 <11 <4 <6 <68 <3.2 <5
03S 12W 26CD01 KALAMAZOO CO (W-3) 04/24/2018 <9.2 <62 747E 53686 E 10931 7494 9.39 1017.3 <3.2 <5
03S 12W 26CC01 KALAMAZOO CO (W-2) 08/15/2018 <9.2 <62 <6.8 <25 <25 <4 <6 <100 <3.2 <5
03S 12W 26CC01 KALAMAZOO CO (W=2) 04/24/2019 <9.2 <100 <6.8 <24 <25 <4 <6 <68 <5 <15
Surface water—field site
TRIB TO RANDALL DRAIN NEAR AKRON, MI  07/27/2015 <9 <62 <5 <24 <50 <4 <6 <68 <4 1.53
TRIB TO RANDALL DRAIN NEAR AKRON, MI  11/5/2015 <9 <62 <5 <24 <50 <4 <6 <68 <4 <5
RANDALL DRAIN (SITE 2) NEAR AKRON, MI  04/26/2016 <9 <62 <5 <24 <11 <4 <6 <68 <4 <5
TRIB TO RANDALL DRAIN NEAR AKRON, MI  11/14/2016 <10 <100 <6.8 <25 <11 <4 <6 <68 1.65 <5
RANDALL DRAIN (SITE 3) NEAR AKRON, MI  11/6/2017 <9.2 <62 <6.8 <24 <11 <4 <6 <68 <3.2 <5
TRIB TO RANDALL DRAIN NEAR AKRON, MI  11/6/2017 10.69 98.3 <6.8 <24 <11 <4 <6 <68 <3.2 <5
TRIB TO RANDALL DRAIN NEAR AKRON, MI  03/28/2018 <9.2 <62 335E <24 <11 <4 <6 <68 <3.2 <5
TRIB (TILE 17) TO RANDALL DRAIN NEAR 03/28/2018 <9.2 <62 4.94 <25 <11 <4 <6 <68 <3.2 <5
AKRON, MI
TRIB TO RANDALL DRAIN NEAR AKRON, MI  11/7/2018 <9.2 <62 225E <25 <11 <4 <6 <68 <3.2 <15
TRIB (TILE 17) TO RANDALL DRAIN NEAR 04/9/2019 <10 <62 <6.8 <24 <25 <4 <6 <68 <3.2 691 E
AKRON, MI
TRIB TO RANDALL DRAIN NEAR AKRON, MI  04/9/2019 <10 <62 <6.8 <24 <25 <4 <6 <68 <3.2 <25
RANDALL DRAIN (SITE 2) NEAR AKRON, MI  09/28/2019 <9.2 <62 <I10 <250 <11 <50 <10 <100 <5 <15
Surface water—pond
UNNAMED POND IN SECTION 26 NEAR 09/7/2017 <9.2 <62 <6.8 <25 <11 <4 <6 <68 <3.2 <25
TEXAS CORNERS, MI
UNNAMED POND IN SECTION 26 NEAR 10/17/2019 <25 <100 <6.8 <50 <25 <4 <6 <100 <3.2 <15

TEXAS CORNERS, MI




Replicates are two or more samples that are collected,
prepared, and analyzed such that they are considered to be
essentially identical in composition and analysis to the original
and are used to characterize the amount of variability associ-
ated with sample collection, processing, and analysis (Mueller
and others, 2015). Split replicates are made from a single sam-
ple that is collected and then subdivided into other samples.
Sequential replicates are made from multiple samples that
are collected one after another and can help assess environ-
mental variability within the sampled medium (Mueller and
others, 2015). Replicate samples were collected to investigate
whether sample collection method affected chemical concen-
trations in the samples (Mueller and others, 2015). After col-
lection, both sets of samples were handled and processed iden-
tically. The relative percent difference (RPD) was calculated to
compare the environmental and replicate concentrations for all
sample pairs with reported concentrations in both samples.

During the study, 14 replicate samples were collected: 8
at the groundwater field and 6 at the surface-water field
(table 5). Analysis of six replicate sample pairs for IXF and
the DKN and BAA degradates were completed when detec-
tions occurred in the environmental and replicate samples.
The reported detections used in analysis of the replicate data
included two sets of sample pairs from the pond in 2019 with
values assigned an “E” remark code indicating an estimated
value. Concentrations for these pond samples were at about
half the RLDQC. There was one pair where one sample had
an estimated value and the other had no detections of the
target compounds. The rest of the samples had no detections
of the target compounds in the replicate and the environmen-
tal samples.

In the replicate sample pairs, the RPD was less than
15 percent for all but one pair, which had an RPD of about
22 percent. The RPDs for the tile and runoff samplers were
generally lower than those for the pond samples; however,
each pair was collected as a split replicate by taking two
samples from the 10 L glass sampling jar. IXF was detected
in one replicate pair at the runoff site with an RPD of less
than 15 percent. DKN was detected in six replicate pairs
from the tile sampler, runoff sampler, drain, and pond sites
and had RPDs ranging from 4 to about 22 percent. Samples
with smaller detected concentrations had larger RPD val-
ues. BAA was detected in the tile, runoff, and drain sites
with RPDs ranging from less than 1 to 11 percent. These
results were considered acceptable for the data to be used in
subsequent analyses.

Matrix spikes, prepared using Lab Schedule 2437
pesticide spike solutions obtained from the NWQL, are used
primarily to determine whether bias in the results was due to
method performance, effects of the sample matrix, or analyte
degradation during sample shipment and storage. For this
study, environmental water samples collected from the field
were spiked (fortified) with known concentrations of analytes
(to determine recovery) and were shipped along with another
environmental sample (to determine background) for analysis
by the NWQL. During the first year of the project, two field
spiked samples were collected at one location along with the
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environmental sample. The environmental sample and one
spiked sample were shipped immediately for analysis, and
the remaining spiked sample was stored in a deep freezer at
<—10° C for about 1 month before shipment to the NWQL

to evaluate potential effects on concentrations due to long-
term storage beyond the recommended sample holding time.
These results were used for evaluation because some samples
collected during the first year of the study were stored frozen
until shipment for analysis.

Matrix spike samples were collected at three wells and
the pond at the groundwater field and at two drain sites, a
runoff sampler site, and a tile sampler site at the surface-water
field. Matrix spike results for IXF and the DKN and BAA deg-
radates were analyzed for this study. During the first 4 years
of the study (2015-18), all environmental samples that were
paired with a matrix spike sample had no detections of IXF,
DKN, or BAA for comparison with the spiked sample. During
the fifth year (2019), both environmental samples that were
paired with matrix spike samples had detections of DKN and
BAA, whereas IXF was not detected in those environmental
samples. Matrix spike recovery percentages were within labo-
ratory control limits for all samples. These matrix spike results
indicate that any matrix interference or analyte degradation
that would affect analysis of reported sample concentrations
is unlikely.

Because initial site selection was close to the time of
expected product application, some samples collected during
the first year (2015) of the study were stored in a deep freezer.
Also, some samples were held in a deep freezer until determi-
nation of whether that precipitation event would be sampled.
In 2015, 51 samples exceeded the NWQL recommended
holding time of 14 days for IXF and degradates by 1 to 40
days. Of these 51, 16 samples had detectable concentrations
of one or two of the target compounds. Studies completed by
the herbicide manufacturer and the NWQL were consulted to
determine whether the delay in analysis might create problems
due to compound degradation. The NWQL data investigating
the stability of the target compounds indicated mean recov-
ery percentages ranging from 79 to 95 percent after 33 days
and from 88 to 129 percent after 133 days (Duane Wydoski,
NWQL written commun., 2015; Sandstrom and others, 2016).
In addition, data from Bayer (Hurst, 2003) indicates negligible
compound loss when samples are immediately frozen after
collection and stored as long as 7 months in a deep freezer
until analysis. Therefore, results from these samples were
included in subsequent analyses.

Hydrologic Data

Hydrologic data collection at the surface-water study area
included stage measurements at the tile and runoff sampler
sites, flow measurements at the drain sites, and precipita-
tion measurements at the runoff site. At the groundwater
study area, groundwater levels were collected continuously
at four wells and periodically at one well. All measurements
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were collected following USGS standard procedures and
protocols (Shelton, 1994; Cunningham and Schalk, 2011;
U.S. Geological Survey, 2022).

Temperature and precipitation data were retrieved for
three weather stations (Fairgrove, Munger, and Oshtemo)
from the Michigan State University Enviroweather network
(Michigan State University, 2020). Fairgrove is closest to
the surface-water field but had some periods of missing data;
therefore, data also were retrieved for comparisons from the
Munger station. Oshtemo is close to the groundwater field.
Precipitation ranged from just under 20 inches to just over
40 inches per year during the study (fig. 6). Data were avail-
able for both stations since 2005 for comparison with the
study period. Precipitation during the study was similar to
the 2005—19 average annual precipitation at Fairgrove and
generally less than 200519 average annual precipitation
at Munger.

Precipitation at the groundwater field ranged from about
33 inches to just over 45 inches per year during the study
based on data collected at the Oshtemo Enviroweather station
(fig. 6). Data were available since 2013 for comparison with
the study. Precipitation during the study was lowest in 2015
and fairly consistent for the remaining years of the study.
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Data Preparation and Analysis

Data used in this report were retrieved from the USGS
National Water Information System database (U.S. Geological
Survey, 2022) and processed before analysis. All estimated
values, with an “E” remark code, were considered valid
results. Of the 227 environmental samples, four post-study
samples collected in 2020 at the groundwater study area had
no detections of IXF compounds and are not included in sub-
sequent analyses.

Boxplots were used to graphically show compound
concentrations and how these concentrations varied over
the course of the study. Boxplots show the center of the data
(median) by the centerline of the box, the variation or spread
(interquartile range) by the height of the box, the skewness
(quartile skew) by the relative size of the halves of the box,
and the presence or absence of outliers or unusual values
by the lines and points extending from each side of the box
(Helsel and others, 2020).

For comparisons, data were grouped according to
the time of year the sample was collected. For application
years, the time before or after application was used to group
samples as follows: (1) pre-application—samples collected
before IXF application (April or May); (2) post-one-month—
samples collected about one month after IXF application
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Figure 6. Annual precipitation from Fairgrove, Munger, and Oshtemo Enviro weather stations for the study, 2005-19, Tuscola and
Kalamazoo Counties, Michigan (data from Michigan State University).



after the first major precipitation event (June); (3) post-late-
summer—samples collected in late summer (July, August, or
September), generally 2-3 months after IXF application; and
(4) post-fall—samples collected in fall generally after fields
were harvested (October or November). For non-application
years, samples were grouped according to time of year: (1)
early spring (April or May), (2) early summer (June), (3) late
summer (August), and (4) fall (October or November). When
some analyses had more than one sample in a time interval
for a given year, the sample closest in time to samples in a
previous or subsequent year was selected and included in

the comparisons.

All statistical tests were evaluated at probabilities
(p-values) of less than 0.05 (p<0.05) to be considered sig-
nificant. Statistical analysis was completed in R (R Core
Team, 2014), and most figures were produced using the
package ggplot2 (Wickham, 2009). Statistical methods for
censored data included in the NADA R package were used
for all analyses (Helsel and Lee, 2006). The cenfit command
compares an estimate of an empirical cumulative distribu-
tion function for datasets that include censored data using the
Kaplan-Meier method. The cendiff command tests if there
is a difference between two or more empirical cumulative
distribution functions using the nonparametric Peto-Prentice
test as described in Helsel and Lee (2006). Statistical meth-
ods for censored data included in the smwrQW package were
used for testing for differences among three or more groups.
The censMulticomp test performs multiple comparison tests
for censored data by running repeated generalized Wilcoxon
tests among all groups as described in Helsel (2012). DKN
and BAA results among these groups of data were compared
using the generalized Wilcoxon test (Helsel, 2012) as imple-
mented in the smwrQW package for R statistical software
(Lorenz, 2016); this test handles datasets that include left-
censored data.

Field dissipation rate constants were determined for
DKN and BAA using concentration time series data from
the surface-water sites, starting with post-application maxi-
mum concentrations. This analysis was done for sites with 2
to 9 samples that had detectable concentrations of DKN and
BAA. First-order field dissipation rate constants were defined
as the slope of a linear regression of the natural logarithm of
concentration versus time, in days, from the maximum post-
application concentration, using linear regression.

Results and Discussion

Sample analysis results were evaluated from different
perspectives due to the number and variety of sampling sites.
Initial evaluations investigated the presence or absence of
the target pesticide IXF and its degradates based on source of
water, whether groundwater or surface water. Other infor-
mation, such as groundwater levels, was evaluated, as well
as concentrations for other non-target pesticides that were
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detected most often. For surface water, which had more fre-
quent detections of IXF and its degradates, chemical concen-
trations, IXF application date, and gage height are plotted as
time series plots. Next, concentration data were grouped by
season, across years for application years, and by season for
non-application years, to view the data in summary form and
to examine differences among seasons.

Groundwater

Water levels were measured continuously at wells W2,
W3, W4, and W5 and periodically at well W1 (fig. 7) during
the study except for a few periods when water levels were not
measured continuously due to equipment issues. Water levels
in W1, W2, and W5 were consistently higher than levels in
W3 and W4, indicating that groundwater flow directions are
towards the southeast. During spring and summer, water levels
in W2 were lower than in W1 and WS5. Because W2 is near
an irrigation well, available data on irrigation pumping were
requested for 2017 and 2018. Water levels in W2 decreased in
response to nearby pumping and, to a lesser extent, downgra-
dient W3 and W4 showed a similar effect.

During the study, 57 groundwater samples were collected
from the 5 wells during application years and 40 samples from
non-application years. In these samples, only one detection
of a target compound was reported: DKN was reported as
an estimated concentration at W1 in late summer 2017. W1
was upgradient to the study field, so potentially this well was
affected by IXF application to a neighboring field. These find-
ings agree with other findings from studies in Nebraska, lowa,
and Indiana where IXF and its degradates were not detected or
rarely detected in groundwater (Bayer CropScience, 2004).

Surface Water

Monthly precipitation totals were compared with average
monthly precipitation from 2005 to 2019 using the Michigan
State University Enviroweather Stations at Fairgrove and
Munger data (fig. 8). In July and early August 2018, the onsite
rain gage was damaged; therefore, for this period, data from
the Fairgrove station was used to fill in missing rain gage
data. For May and July, onsite precipitation was generally at
or below historical median amounts. For August and October,
onsite precipitation was generally at or above historic median
amounts. Onsite precipitation for June and September was
more variable in relation to historical median amounts. IXF
application dates and target compound analytical results were
compared to stage measurements each year at the tile and
runoff sampler sites (figs. 9-12). Figures 9 and 10 illustrate
sampling dates, application dates, time since application, and
gage heights at the tile site (USGS station 041572264) and
runoff site (USGS station 041572269), respectively, during
application years. Figures 11 and 12 illustrate sampling dates
and gage heights at these sites during the years when IXF was
not applied.
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Figure 7. Groundwater levels for 2015 to 2019 and irrigation pumping for 2017 and 2018, in the groundwater study area, Kalamazoo

County, Michigan.

Over the course of the study, 126 surface-water samples
were collected from the tile sampler, runoff sampler, drains,
and pond. One or more of the three target IXF compounds
were detected in 51 (40 percent) samples with detections in 40
of 90 (44 percent) samples in application years and detections
in 11 of 36 (31 percent) surface-water samples from non-
application years. During the growing season (June—August,
each year), one or more of the three target IXF compounds
were detected in 35 of 68 (51 percent) samples in application
years and 6 of 24 (25 percent) samples in non-application
years. IXF was in three samples, one in 2017, 36 days post-
application, and two in 2019, 15 and 23 days post-application.
The IXF detection in 2017 was from the tile sampler, and
the detections in 2019 were from the tile and runoff samplers
(figs. 9 and 10). All three of the samples containing IXF also
had DKN and BAA. The infrequent detection of IXF agrees
with other studies in Ohio, lowa, and Indiana (Bayer Crop-
Science, 2004) and can be explained by the fact that IXF
rapidly degrades to DKN under normal field conditions. DKN
was detected in 33 surface-water samples collected during
application year growing seasons and 5 surface-water samples
collected during non-application year growing seasons. BAA
was detected in 29 surface-water samples collected during
application year growing seasons and 4 surface-water samples
collected during non-application year growing seasons. The

maximum number of detections occurred within 1 month of
application. Maximum concentrations for all three compounds
occurred during application years within 1 month of applica-
tion. The maximum concentrations of IXF, DKN, and BAA
were 0.108 pg/L, 15.4 ng/L, and 6.33 ng/L, respectively.

Twenty-one surface-water samples were collected from
drain site 1, which is upgradient to the surface-water field. IXF
or its degradates were not detected in any of these samples.
Drain site 2 is also upgradient to the surface-water field and
had 4 detections in 23 samples: 3 detections being DKN and
1 detection being BAA. All four detections were at concentra-
tions less than the RLDQC. Two detections of DKN were in
samples collected before IXF application in 2015 and may
indicate indirect impacts of IXF application to a neighbor-
ing field. DKN was also detected in late summer 2016, and
BAA was detected in a sample about one month after applica-
tion in 2019. These low-level detections indicate IXF or its
degradates can be transmitted from off-site sources. Therefore,
subsequent analyses will focus on the remaining downgradient
surface-water sampling sites where constituent concentrations
can be related to onsite applications.

DKN and BAA results for drain site 3, tile sampler,
runoff sampler, and the pond were compared for years with
IXF application (2015, 2017, and 2019) and years without
IXF application (2016 and 2018) (fig. 13). The RLDQC is
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[Blue boxplot is Fairgrove, green boxplot is Munger]
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Figure 8. Monthly precipitation from the 2005 to 2019 growing seasons for the Fairgrove and Munger Enviro-weather stations and
from 2015 to 2019 for the rain gage at U.S. Geological Survey station 041572269, Tuscola County, Michigan.

shown as a dashed line on each plot; however, many samples
were affected by raised reporting levels. With only three
detections for IXF, no boxplots were created. IXF degradate
concentrations have highest concentrations after pesticide
application but decrease during summer, fall, and into the fol-
lowing year. During the non-application years, concentrations
were generally highest during the early spring and decreased
throughout the year; concentrations were generally lower than
during application years. These patterns are similar to patterns
observed in other studies (for example, Scribner and oth-
ers, 2000).

DKN and BAA concentrations at the pond, tile sampler,
runoff sampler, and drain site 3 for each application year
were compared to determine whether evidence of increasing

concentrations over time could be determined. Concentrations
generally follow a repeatable pattern during each of the appli-
cation years: lowest concentrations are in the pre-application
samples, highest concentrations are within about 1 month after
IXF application, and decreasing concentrations follow in the
late summer and fall samples. All distributions of DKN and
BAA concentrations within a given season and by application
year were similar (figs. 14 and 15), showing no significant
differences (Wilcoxon Peto-Prentice test, p>0.05) in all cases.
Similarly, during the non-application years, concentrations
within a given season did not significantly differ across years
(figs. 14 and 15), when sufficient data to run the Peto-Prentice
test were available.
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Figure 9. Concentration of 5-cyclopropyl-4-(2-methylsulfonyl-4-trifluoromethylbenzoyl) isoxazole (isoxaflutole), its degradates
2-methylsulfonyl-4-(trifluoromethyl) benzoic acid (benzoic acid analogue of isoxaflutole) and 1-(2-methylsulfonyl-4-trifluoromethylphe
nyl)-2-cyano-3-cyclopropyl propan-1-dione) (diketonitrile isoxaflutole), and gage height at the runoff site during tributary application
years: A, 2015; B, 2017; and C, 2019.
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Figure 10. Concentration of 5-cyclopropyl-4-(2-methylsulfonyl-4-trifluoromethylbenzoyl) isoxazole (isoxaflutole), its degradates
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nyl)-2-cyano-3-cyclopropyl propan-1-dione) (diketonitrile isoxaflutole), and gage height at the tile sampler site during tile application
years: A, 2015; B, 2017; and C, 2019.
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Figure 11. Concentration of 5-cyclopropyl-4-(2-methylsulfonyl-4-trifluoromethylbenzoyl) isoxazole (isoxaflutole), its degradates
2-methylsulfonyl-4-(trifluoromethyl) benzoic acid (benzoic acid analogue of isoxaflutole) and 1-(2-methylsulfonyl-4-trifluoromethylp
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Figure 12. Concentration of 5-cyclopropyl-4-(2-methylsulfonyl-4-trifluoromethylbenzoyl) isoxazole (isoxaflutole), its degradates
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non-application years: A, 2016 and B, 2018.
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Figure 14. Boxplots showing 1-(2-methylsulfonyl-4-trifluoromethylphenyl)-2-cyano-3-cyclopropyl propan-1-dione) (diketonitrile
isoxaflutole) and 2-methylsulfonyl-4-(trifluoromethyl) benzoic acid (benzoic acid analogue of isoxaflutole) concentrations during
the growing season by year for the pond, tile, runoff, and drain site 3 sampling sites, Kalamazoo and Tuscola Counties, Michigan. A,
early spring/pre-application; B, early summer/post 1 month; C, late summer/post late summer; D, fall/post fall (shading used to show

column groups).
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Figure 15. Combined 1-(2-methylsulfonyl-4-trifluoromethylphenyl)-2-cyano-3-cyclopropyl propan-1-dione) (diketonitrile isoxaflutole)
and 2-methylsulfonyl-4-(trifluoromethyl) benzoic acid (benzoic acid analogue of isoxaflutole) concentrations for growing season time
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Counties, Michigan. A, early spring/pre-application; B, early summer/post 1 month; C, late summer/post late summer; D, fall/post fall
(shading used to show column groups).
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The pre-application season during application years is
considered a baseline sampling period; that is, the period
when concentrations are expected to be lowest. For surface-
water sites, DKN and BAA concentrations from subsequent
sampling periods were compared with the pre-application
concentrations. Water samples were binned according to
season as follows: 1-month post-application, late summer
post-application, fall post-application, and non-application
years (all seasons). DKN results were significantly greater
in the 1-month post-application (p<0.05) and late summer
(p<0.05) seasons compared with pre-application concentra-
tions. Similarly, BAA concentrations were significantly greater
in the 1-month post-application (p=0.0016) and fall (p=0.027)
seasons compared with pre-application concentrations. DKN
results in the fall (p<0.10) season and BAA results in the late
summer (p=0.075) season were above the significance level
but do indicate a difference between application and non-
application years. Concentrations of DKN and BAA from
pre-application season were similar (p>0.1) to concentrations
observed during the non-application year's samples. Although
low concentrations of these compounds occurred in some
spring samples during non-application years (figs. 11-14), too
few samples with detectable concentrations were available
to compare single non-application-year seasons statistically;
therefore, all non-application-year seasons were combined for
this analysis.

Given the observed high concentrations of DKN and
BAA, followed by decreases in concentrations over a time
scale of a growing season to about 1-year post-application,
DKN and BAA concentrations were examined in the context
of field dissipation rates using principles of first-order kinet-
ics. In this report, field dissipation rates describe the decrease
in concentrations over time, after post-application maxima, at
the surface-water sites where DKN and BAA were detected.
Mechanisms for the decreases in concentrations are thought
to include microbial degradation and flushing (that is, advec-
tive transport from the fields via surface runoff), whereas other
potential mechanisms (volatilization, photodegradation) are
thought to be minor (Bayer CropScience, 2004). Papiernik
and others (2007) found uptake by plants to be an important
mechanism for IXF dissipation in Minnesota. The relative
importance of microbial degradation versus flushing cannot
be ascertained from our data, and the field dissipation rate
constants and half-lives should not be thought of as degrada-
tion rates.

From first-order kinetics, the concentration of a substance
at time t (C)) is given by: C=C, e, where C,, is the concentra-
tion at time = 0, and £ is the rate constant. Linear regression
of the natural logarithm of observed concentration versus time
yields a slope, which is the rate constant k. Negative slope (k)
indicates degradation or loss of a chemical. For this analysis,
C, is defined as the maximum observed concentration after
the application of IXF, and time is the time (in days) after
the maximum observed concentration. For this analysis, rate
constants are reported as ky,, (units in day ') and half-lives

iss
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are reported as t, 4 (units in days) (the diss subscript is used
to distinguish dissipation rates from reaction rates, including
degradation reactions).

Within surface-water sites with two to eight sequential,
detectable concentrations of DKN or BAA (including esti-
mated results below the RLDQC) after application, kg, and
t12, aiss Were determined for each series of data. As the data
allow, based on timing of sampled runoff events after applica-
tion, three periods were considered: (A) growing season post-
application maximum to late summer; (B) medium period,
post-application maximum to fall; and (C) long period, post-
application maximum into the following year. Table 7 lists the
time series considered for each of these periods, and reports
the kg and t, ) i, values obtained from this analysis.

The fastest dissipation rates were observed during
the growing season, with a median t, ), 4, of 13.4 days and
24.3 days for DKN and BAA, respectively. For the medium
period, a median t,, 4, of 22.3 days and 48.2 days for DKN
and BAA, respectively, was observed, and for the long period,
amedian t;, 4 of 79.2 days and 70.6 days for DKN and
BAA, respectively, was observed. Because microbial degrada-
tion rates are temperature dependent, the observation of longer
dissipation half-lives (slower dissipation rate constants) is to
be expected in the medium and long periods, because colder
(and drier conditions with low runoff) seasons are included in
those periods.

For comparison, Bayer CropScience (2004) reports
dissipation half-lives for four U.S. field soils as fol-
lows: IXF—1.8-2.7 days; DKN—6.5-79 days; and
BAA—5.6-61 days. The longer half-lives for DKN and BAA
were reported for a field site in California, which likely is con-
siderably different in hydroclimatic and soil conditions from
the other field sites. Field studies in Nebraska, Washington,
and North Carolina (Bayer CropScience, 2004) yielded
remarkably similar dissipation half-lives to the surface-water
sites in this study. Dissipation kinetics of the parent com-
pound, IXF, were not analyzed in this report because nearly
all samples did not have detectable concentrations. Median
dissipation half-lives for DKN (8.9 days) and BAA (22 days)
from the Bayer CropScience studies are similar to dissipation
half-lives determined for the growing season in this study.

The data (figs 13—15) show carryover of DKN and BA
from one growing season to the next; however, the level
of carryover is very low, and loss mechanisms would be
expected to continue during the following growing season.

To put the pseudo-first order loss constants into perspective,
k4,s=0.05 day~! would result in 99-percent loss of an initial
concentration within 92 days, whereas k,,,=0.01 day~! would
result in 99-percent loss within 460 days [note: 99-percent loss
of a starting concentration of 1.0 is 0.01; In(0.01)/—kdiss=t.].

The regression-based calculations of field dissipation
rate constants and half-lives in this report only used detected
concentration data. We acknowledge that ignoring non-detect
(<RLDQC) data biases the results. However, application of
more robust statistical techniques such as maximum likeli-
hood regression was not attempted, given the low numbers of
samples for each time series (n=2-9).
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Table 7.

Field dissipation constants and half-lives for 1-(2-methylsulfonyl-4-trifluoromethylphenyl)-2-cyano-3-cyclopropyl

propan-1-dione) (diketonitrile isoxaflutole or DKN) and 2-methylsulfonyl-4-(trifluoromethyl) benzoic acid (the benzoic acid analogue of

isoxaflutole or BAA).

[Data from the National Water Information System. DKN, diketonitrile isoxaflutole; BAA, benzoic acid analogue of isoxaflutole; N, number; kg, rate constants;

t12, diss» Dalf-lives; Trib, tributary; NA, not applicable]

L DKN BAA
Site Application Time Time
year (days) kdiss t1/2, diss (days) kdiss t1/2, diss
Growing-season samples (June—August)
Tile 17 (041572264) 2015 17 3 -0.125 5.5 17 3 —0.1185 5.8
Trib to Randall Drain (041572269) 2015 63 7 -0.0519 13.4 63 7 —0.0285 243
Randall Drain (04157227) 2015 63 4 —-0.0233 29.7 51 3 —-0.0135 51.3
Median NA NA NA —0.052 13.4 NA NA —0.029 243
Medium period, including samples collected in late October of application year
Tile 17 (041572264) 2015 38 4 —-0.0382 18.1 38 4 —-0.0227 30.5
Tile 17 (041572264) 2019 147 2 —0.027 25.7 147 2 —0.0024 288.8
Trib to Randall Drain (041572269) 2019 139 3 —0.0365 19.0 139 3 —-0.0215 322
Randall Drain (04157227) 2015 NA NA NA NA 138 4 *0.0002 NA
Randall Drain (04157227) 2019 138 2 —-0.0253 27.4 138 2 —0.0108 64.2
Median NA NA NA —-0.03175 22.3 NA NA —-0.01615 48.2
Long period, including samples collected in year after the application year

Tile 17 (041572264) 2017 669 4 —0.0093 74.5 480 3 —-0.0116 59.7
Trib to Randall Drain (041572269) 2015 330 9 —-0.0087 79.7 330 9 —0.0088 78.8
Trib to Randall Drain (041572269) 2017 435 3 —0.0073 94.9 435 3 -0.0111 62.4
Unnamed Pond (421019085404001) 2015 299 3 —0.0095 72.9 NA NA NA NA
Randall Drain (04157227) 2017 319 2 —-0.0034 203.8 319 2 —-0.0011 630.0
Median NA NA NA —0.0087 79.7 NA NA -0.0100 70.6

*Calculated kg, was positive and not included in calculation of median.

Other Pesticides

In addition to IXF and its principal degradates, DKN and
BAA, a secondary focus of this study was to document 223
additional pesticides consisting of herbicide, fungicide, and
insecticide parent compounds and degradates. Compounds
other than IXF are summarized in this section to complete
the picture of groundwater and surface-water conditions at
the field sites. Of the 223 pesticides, 81 were detected at least
once: 23 were detected in groundwater, 77 were detected at
the surface-water field site, and 41 were detected in the pond
at the groundwater site. Of these 81 only 49 were detected
5 or more times. Eighteen pesticides were detected in all
three areas. Oxamyl oxime, sulfometuron methyl, and hexa-
zinone TP G were detected solely in groundwater samples.
Sulfentrazone was detected solely in surface water at the pond.
Thirty-five pesticides were detected solely at the surface-water
field site.

Atrazine (and its degradates CAAT, CIAT, OIAT, and
OIET; see table 4) and metolachlor (and its degradates
metolachlor OA and SA; table 4) were detected most fre-
quently (fig. 16). Out of 227 samples, atrazine was detected

in 164 samples (72 percent) and concentrations ranged from
0.0012 to 439 pg/L. The highest atrazine concentrations were
observed in surface-water samples from the tile and runoff
site after rainfall after product application and at the pond

the year after product application. Metolachlor was detected
in 111 samples (49 percent) and concentrations ranged from
0.0011 pg/L to 2 pg/L. The highest concentration of meto-
lachlor was from a pond sample at the groundwater study
area. Atrazine was in groundwater samples and surface-water
samples from both study areas and the pond, whereas metola-
chlor was found only in surface samples and the pond sam-
ples. Metolachlor SA was detected most frequently (191 sam-
ples out of 227, 84 percent) and concentrations ranged from
0.015 pg/L to 11.6 ng/L. Highest concentrations were gener-
ally observed during the first year of the study (2015) and
were often highest in one of the upgradient drain sites (drain
site 1 and drain site 2). CAAT, CIAT, OIAT, and OIET were
observed in 153 (67 percent), 190 (84 percent), 149 (66 per-
cent), and 150 (66 percent) groundwater and surface-water
samples, respectively. Metolachlor OA was observed in 110
(48 percent) groundwater and surface-water samples.
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Summary and Conclusions

The herbicide 5-cyclopropyl-4-(2-methylsulfonyl-
4-trifluoromethylbenzoyl) isoxazole] (IXF or isoxaflutole) was
conditionally approved for use on corn in Michigan in 2015.
Many studies have been completed to assess the fate of [XF
residues and its degradates in different environmental set-
tings and the processes by which these compounds move to
groundwater or to surface-water bodies. Due to the different
soil and climate conditions in Michigan, as compared to other
areas where this herbicide has been used, little information
about possible persistence and buildup of this herbicide and its
metabolites in Michigan’s groundwater and surface water is
available. Therefore, from 2015 to 2020, the U.S. Geological
Survey, in cooperation with the Michigan Department of
Agriculture and Rural Development, studied IXF and two of
its degradates in two locations where IXF was applied. This
is the only study having more than one IXF application and
with the varied soil conditions in Michigan. The secondary
objective of this study was to document other commonly used
pesticides in Michigan.

Shallow groundwater sampling sites downgradient of IXF
applications showed virtually no IXF or degradate contamina-
tion. One or more of the three target IXF compounds were
detected in 40 percent of surface-water samples. The degra-
dates 1-(2-methylsulfonyl-4-trifluoromethylphenyl)-2-cyano-
3-cyclopropyl propan-1-dione) (diketonitrile isoxaflutole or
DKN) and 2-methylsulfonyl-4-(trifluoromethyl) benzoic acid
(benzoic acid analogue of isoxaflutole or BAA) were detected
more frequently than the parent compound. For each of the
surface-water sites, DKN and BAA reached maximum con-
centrations within about the first 5 weeks of IXF application
and were associated with rainfall-runoff events. Subsequent
to post-application maxima, concentrations decreased through
time approximately following first-order, exponential loss
kinetics. Carryover of DKN and BAA, from an applica-
tion year to the following spring, was observed at several
surface-water sites, with springtime concentrations typically
1-5 percent of maximum, post-application concentrations, and
virtually no detections later in the growing season during non-
application years. Results indicate rapid loss of IXF from the
study areas and very few detections of the parent compound.
The degradates DKN and BAA were more frequently detected
and were detected in surface runoff up to about 1 year after
IXF application, with no evidence of longer-term buildup of
concentrations in the study areas.

Neither IXF nor its degradates were observed in the
shallow groundwater system when samples were taken from
downgradient wells after application of IXF. In the surface
waters studied, IXF was rarely detected and only detected at
low concentrations within about 5 weeks of application. Based
on the observed patterns of IXF concentrations and its two
degradates, DKN and BAA, we made several conclusions.

» DKN and BAA in surface-water samples after IXF
application, except for very few, low-concentration
detections of IXF, indicate relatively fast degradation
of the parent compound in surficial soils and sur-
face waters.

* Observed maximum concentrations of the degradates
DKN and BAA decrease over time scales of months to
1-year post-application. By the end of an application
year’s growing season, DKN and BAA concentrations
typically were approximately 1-5 percent of maxi-
mum, post-application concentrations. Where detected,
similar concentrations (1-5 percent of maximum)
occurred in early spring surface-water samples in
the year after an application year; however, by mid-
summer in a non-application year, DKN and BAA typi-
cally were not detectable. The data show no buildup of
IXF or its degradates over multi-year time scales at the
sampled surface-water sites.

In addition, samples from 2015 to 19 were analyzed for
approximately 223 additional pesticides consisting of herbi-
cide, fungicide, and insecticide parent compounds and deg-
radates. Of the 223 pesticides, 81 were detected at least once
with 23 detected in groundwater, 77 detected at the surface-
water field site, and 41 detected in the pond at the groundwa-
ter site. Of these 81, only 49 were detected 5 or more times.
Atrazine and several of its degradates and metolachlor and
two of its degradates were detected most frequently. Out of
227 samples, atrazine was detected in 164 samples (72 per-
cent), and concentrations ranged from .0012 to 439 micro-
grams per liter (ug/L). The highest atrazine concentrations
were observed in surface-water samples from the tile and
runoff sites after rainfall events and product application and
at the pond the year after product application. Metolachlor
was detected in 111 samples (49 percent), and concentrations
ranged from 0.0011 pg/L to 2 ng/L.

Study Limitations

These conclusions do have key limitations that should be
recognized. First, the conclusions should not be extrapolated
to settings that differ markedly in soil type, hydrogeologic
conditions, water chemistry, and other key environmental con-
ditions from those of this study. Second, underlying mecha-
nisms behind the decreases in concentrations after application
were beyond the scope of this study; microbial degradation
pathways and advective pathways (flushing from the fields
via runoff, and loss through surface water and groundwater
transport) are likely factors, but the relative importance cannot
be assigned to these mechanisms. Finally, more precipita-
tion events and subsequent sample collection during non-
application years would have assisted with interpretation
of IXF and degradate behavior after application. Additional
samples during application and non-application years would
help improve these assessments and reduce uncertainty in
stated conclusions.
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For additional information contact:

Director, Upper Midwest Water Science Center
U.S. Geological Survey

5840 Enterprise Drive

Lansing, MI 48911-4107

Phone 517-887-8903

Fax 517-887-8937

For additional information, visit:
https://www.usgs.gov/centers/upper-midwest-water-science-center
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