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FOREWORD

The U.S. Geological Survey (USGS) is committed to providing the Nation with reliable scientific information 
that helps to enhance and protect the overall quality of life and that facilitates effective management of 
water, biological, energy, and mineral resources (http://www.usgs.gov/). Information on the Nation’s water 
resources is critical to ensuring long-term availability of water that is safe for drinking and recreation and 
is suitable for industry, irrigation, and fish and wildlife. Population growth and increasing demands for 
water make the availability of that water, measured in terms of quantity and quality, even more essential to 
the long-term sustainability of our communities and ecosystems.

The USGS implemented the National Water-Quality Assessment (NAWQA) Program in 1991 to support 
national, regional, State, and local information needs and decisions related to water-quality manage-
ment and policy (http://water.usgs.gov/nawqa). The NAWQA Program is designed to answer: What is the 
quality of our Nation’s streams and groundwater? How are conditions changing over time? How do natural 
features and human activities affect the quality of streams and groundwater, and where are those effects 
most pronounced? By combining information on water chemistry, physical characteristics, stream habitat, 
and aquatic life, the NAWQA Program aims to provide science-based insights for current and emerging 
water issues and priorities. From 1991 to 2001, the NAWQA Program completed interdisciplinary assess-
ments and established a baseline understanding of water-quality conditions in 51 of the Nation’s river 
basins and aquifers, referred to as Study Units (http://water.usgs.gov/nawqa/studies/study_units.html ).

National and regional assessments are ongoing in the second decade (2001–2012) of the NAWQA Program 
as 42 of the 51 Study Units are selectively reassessed. These assessments extend the findings in the Study 
Units by determining water-quality status and trends at sites that have been consistently monitored for 
more than a decade, and filling critical gaps in characterizing the quality of surface water and ground-
water. For example, increased emphasis has been placed on assessing the quality of source water and 
finished water associated with many of the Nation’s largest community water systems. During the second 
decade, NAWQA is addressing five national priority topics that build an understanding of how natural fea-
tures and human activities affect water quality, and establish links between sources of contaminants, the 
transport of those contaminants through the hydrologic system, and the potential effects of contaminants 
on humans and aquatic ecosystems. Included are studies on the fate of agricultural chemicals, effects of 
urbanization on stream ecosystems, bioaccumulation of mercury in stream ecosystems, effects of nutrient 
enrichment on aquatic ecosystems, and transport of contaminants to public-supply wells. In addition, 
national syntheses of information on pesticides, volatile organic compounds (VOCs), nutrients, trace ele-
ments, and aquatic ecology are continuing. 

The USGS aims to disseminate credible, timely, and relevant science information to address practical and 
effective water-resource management and strategies that protect and restore water quality. We hope 
this NAWQA publication will provide you with insights and information to meet your needs, and will foster 
increased citizen awareness and involvement in the protection and restoration of our Nation’s waters. 

The USGS recognizes that a national assessment by a single program cannot address all water-resource 
issues of interest. External coordination at all levels is critical for cost-effective management, regulation, 
and conservation of our Nation’s water resources. The NAWQA Program, therefore, depends on advice 
and information from other agencies—Federal, State, regional, interstate, Tribal, and local—as well as 
nongovernmental organizations, industry, academia, and other stakeholder groups. Your assistance and 
suggestions are greatly appreciated.

William H. Werkheiser
USGS Associate Director for Water

http://www.usgs.gov/
http://water.usgs.gov/nawqa
http://water.usgs.gov/nawqa/studies/study_units.html
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Abstract
The U.S. Geological Survey (USGS) has a periodic need 

to re-evaluate pesticide compounds in terms of priorities for 
inclusion in monitoring and studies and, thus, must also assess 
the current analytical capabilities for pesticide detection. To 
meet this need, a strategy has been developed to prioritize 
pesticides and degradates for analytical methods development. 
Screening procedures were developed to separately prioritize 
pesticide compounds in water and sediment. The procedures 
evaluate pesticide compounds in existing USGS analytical 
methods for water and sediment and compounds for which 
recent agricultural-use information was available. Measured 
occurrence (detection frequency and concentrations) in water 
and sediment, predicted concentrations in water and predicted 
likelihood of occurrence in sediment, potential toxicity to 
aquatic life or humans, and priorities of other agencies or 
organizations, regulatory or otherwise, were considered.

Several existing strategies for prioritizing chemicals 
for various purposes were reviewed, including those that 
identify and prioritize persistent, bioaccumulative, and toxic 
compounds, and those that determine candidates for future 
regulation of drinking-water contaminants. The systematic 
procedures developed and used in this study rely on concepts 
common to many previously established strategies. The evalu-
ation of pesticide compounds resulted in the classification of 
compounds into three groups: Tier 1 for high priority com-
pounds, Tier 2 for moderate priority compounds, and Tier 3 
for low priority compounds.

For water, a total of 247 pesticide compounds were 
classified as Tier 1 and, thus, are high priority for inclusion in 
analytical methods for monitoring and studies. Of these, about 
three-quarters are included in some USGS analytical method; 
however, many of these compounds are included on research 
methods that are expensive and for which there are few data 
on environmental samples. The remaining quarter of Tier 1 

compounds are high priority as new analytes. The objective 
for analytical methods development is to design an integrated 
analytical strategy that includes as many of the Tier 1 pesti-
cide compounds as possible in a relatively few, cost-effective 
methods.

More than 60 percent of the Tier 1 compounds are high 
priority because they are anticipated to be present at concen-
trations approaching levels that could be of concern to human 
health or aquatic life in surface water or groundwater. An 
additional 17 percent of Tier 1 compounds were frequently 
detected in monitoring studies, but either were not measured at 
levels potentially relevant to humans or aquatic organisms, or 
do not have benchmarks available with which to compare con-
centrations. The remaining 21 percent are pesticide degradates 
that were included because their parent pesticides were in Tier 
1. Tier 1 pesticide compounds for water span all major pesti-
cide use groups and a diverse range of chemical classes, with 
herbicides and their degradates composing half of compounds. 
Many of the high priority pesticide compounds also are in 
several national regulatory programs for water, including those 
that are regulated in drinking water by the U.S. Environmen-
tal Protection Agency under the Safe Drinking Water Act and 
those that are on the latest Contaminant Candidate List.

For sediment, a total of 175 pesticide compounds were 
classified as Tier 1 and, thus, are high priority for inclusion in 
analytical methods available for monitoring and studies. More 
than 60 percent of these compounds are included in some 
USGS analytical method; however, some are spread across 
several research methods that are expensive to perform, and 
monitoring data are not extensive for many compounds. The 
remaining Tier 1 compounds for sediment are high priority as 
new analytes. The objective for analytical methods develop-
ment for sediment is to enhance an existing analytical method 
that currently includes nearly half of the pesticide compounds 
in Tier 1 by adding as many additional Tier 1 compounds as 
are analytically compatible. 

Prioritizing Pesticide Compounds for Analytical Methods 
Development 

By Julia E. Norman, Kathryn M. Kuivila, and Lisa H. Nowell 
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About 35 percent of the Tier 1 compounds for sedi-
ment are high priority on the basis of measured occurrence. 
A total of 74 compounds, or 42 percent, are high priority on 
the basis of predicted likelihood of occurrence according to 
physical-chemical properties, and either have potential toxicity 
to aquatic life, high pesticide useage, or both. The remain-
ing 22 percent of Tier 1 pesticide compounds were either 
degradates of Tier 1 parent compounds or included for other 
reasons. As with water, the Tier 1 pesticide compounds for 
sediment are distributed across the major pesticide-use groups; 
insecticides and their degradates are the largest fraction, mak-
ing up 45 percent of Tier 1. In contrast to water, organochlo-
rines, at 17 percent, are the largest chemical class for Tier 1 in 
sediment, which is to be expected because there is continued 
widespread detection in sediments of persistent organochlorine 
pesticides and their degradates at concentrations high enough 
for potential effects on aquatic life. Compared to water, there 
are fewer available benchmarks with which to compare con-
taminant concentrations in sediment, but a total of 19 Tier 1 
compounds have at least one sediment benchmark or screening 
value for aquatic organisms. Of the 175 compounds in Tier 1, 
77 percent have high aquatic-life toxicity, as defined for this 
process.

This evaluation of pesticides and degradates resulted in 
two lists of compounds that are priorities for USGS analyti-
cal methods development, one for water and one for sedi-
ment. These lists will be used as the basis for redesigning and 
enhancing USGS analytical capabilities for pesticides in order 
to capture as many high-priority pesticide compounds as  
possible using an economically feasible approach.

Introduction
To ensure that the U.S. Geological Survey (USGS), 

and specifically, the National Water-Quality Assessment 
(NAWQA) Program is prepared to address future pesti-
cide monitoring needs, a strategy for prioritizing pesticide 
compounds for analytical methods development is needed 
that considers a very broad range of pesticides that can be 
important in either streams or groundwater. When character-
izing pesticides in streams, the more water-soluble pesticide 
compounds are most readily determined by sampling the water 
column, whereas the more hydrophobic pesticide compounds 
are more likely to be detected in sediment. Some persistent, 
hydrophobic pesticide compounds that tend to accumulate 
in sediment also can bioaccumulate in the tissues of fish and 
other aquatic organisms, though prioritization for fish tissue 
methods was not included in the scope of this report.

The prioritization strategy described in this report 
includes screening procedures for water and sediment, with 
the goal of identifying the highest priority compounds to 
include in future analytical methods. The “universe” of more 
than 600 compounds considered includes 447 pesticide com-
pounds for which agricultural pesticide use information was 

available, selected degradates, and other pesticide compounds 
currently on USGS analytical methods for pesticides in 
water and sediment. Pesticide degradates included primarily 
those that have been analyzed by USGS methods and do not 
represent all possible degradates of the agricultural pesticides 
evaluated. Criteria incorporated into the prioritization strategy 
include measured detection frequency and concentration in 
streams, groundwater, and sediment; predicted concentrations 
in streams and groundwater; agricultural and non-agricultural 
pesticide use estimates; physical-chemical properties; aquatic-
life benchmarks and toxicity data; human-health benchmarks; 
and priorities of other agencies or organizations.

Background

Past assessments of pesticides by NAWQA have pro-
vided comprehensive national- and regional-scale analyses 
of pesticide occurrence and concentrations in streams and 
groundwater. Previous approaches for prioritizing pesticide 
compounds for analytical methods development for NAWQA 
Program studies have focused on selected pesticides, and their 
degradates, with high agricultural or urban uses (Gilliom and 
others, 2001). Pesticide use is constantly changing, however, 
with new pesticides being registered and introduced into use, 
while other pesticides are restricted or banned from use. When 
pesticides are applied in the environment, there are concerns 
for toxicity to non-target organisms, including aquatic life and 
humans. It is important to monitor and assess compounds that 
could occur at concentrations of potential concern to aquatic 
organisms, humans, or both, particularly those that are most 
likely to occur and persist in the environment. In addition to 
parent pesticide compounds, pesticide degradation products 
also need to be considered because these compounds can 
persist in the environment and also can be toxic to non-target 
organisms. 

Other Chemical Prioritization Approaches

Chemical prioritization or ranking systems provide a 
means to synthesize information about the relative exposures, 
hazards, and risks posed by chemicals to assist in the alloca-
tion of monitoring or other resources. Ranking and scoring 
systems have been developed for many purposes, includ-
ing regulatory action, priority setting, and impact evalua-
tions (Davis and others, 1994). When the National Research 
Council reviewed 10 existing chemical prioritization schemes, 
they characterized them using a common framework shown 
in figure 1 (National Research Council, 1999). “Selection of 
Contaminant Pool” refers to the universe of chemicals con-
sidered in each of the prioritization schemes; “Determination 
of Exposure” refers to the factors, such as occurrence in the 
environment, considered in evaluating the potential exposure 
to a contaminant; and “Determination of Toxicity” refers to 
the factors considered in evaluating the potential health effects 
of a contaminant. Finally, “Prioritization Scheme” refers to 
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the algorithm by which exposure and toxicity are combined to 
provide a metric for ranking or prioritizing contaminants. 

Prioritization efforts undertaken in the United States and 
internationally have included those that focus on persistent, 
bioaccumulative, and toxic (PBT) chemicals, contaminants for 
potential regulation in drinking water, high production-volume 
chemicals, and emerging contaminants. PBT programs include 
the U.S. Environmental Protection Agency’s (USEPA’s) PBT 
Chemical Program, which has relied upon tools to prioritize 
chemicals, such as the PBT Profiler, an online risk-screening 
tool that predicts a chemical’s potential to persist, bioaccu-
mulate, and be toxic to humans or aquatic organisms (U.S. 
Environmental Protection Agency, 2010b), and the Waste 
Minimization Prioritization Tool (WMPT), a tool developed to 
prioritize chemicals on the basis of persistence, bioaccumula-
tion potential, toxicity, and quantity (U.S. Environmental Pro-
tection Agency, 2000a). Other PBT prioritization efforts were 
conducted by the 2001 Stockholm Convention on Persistent 
Organic Pollutants (POPs, http://chm.pops.int/default.aspx); 
the Canadian government, as part of its Chemicals Manage-
ment Plan “Challenge” program for high-priority chemical 
substances (http://www.chemicalsubstanceschimiques.gc.ca/
challenge-defi/index-eng.php); and the state of Oregon, which 
recently created a prioritized list of persistent pollutants to 
guide the state’s pollution prevention efforts (Oregon Depart-
ment of Environmental Quality, 2009). One recently published 
prioritization effort identified new persistent and bioaccumula-
tive organic chemicals that are not included in current moni-
toring programs but are present in the environment (Howard 
and Muir, 2010), and other studies have prioritized emerging 
or trace environmental contaminants in freshwater, including 
potential endocrine-disrupting chemicals (Kumar and  
Xagoraraki, 2010; Murray and others, 2010).

 USEPA’s Contaminant Candidate List (CCL) program 
prioritizes chemicals for regulation in drinking water by using 
a detailed classification approach developed through recom-
mendations from the National Research Council (NRC) of 
the National Academy of Science (National Research Coun-
cil, 2001) and the National Drinking Water Advisory Coun-
cil (U.S. Environmental Protection Agency, 2009b). Every 
5 years the USEPA is required to publish a list of unregulated 
contaminants that are known or anticipated to occur in public 
water systems and which may require future regulations under 
the Safe Drinking Water Act (SDWA). USEPA is required to 
develop the CCL by using specific data sources and criteria 
and must consider health effects and occurrence information to 
identify contaminants of greatest concern to public health from 
exposure to drinking water. The most recent list is the Third 
Contaminant Candidate List (CCL3), which was finalized in 
August 2009 (U.S. Environmental Protection Agency, 2009b).

None of these approaches completely meet USGS needs 
for prioritizing pesticide compounds. Many of the approaches 
rely on separate scoring techniques for exposure and toxicity 
components and then apply algorithms to combine compo-
nent scores into an overall score for a chemical. The USGS 
prioritization strategy for pesticide compounds described 
herein follows the general framework illustrated in figure 1 to 
meet the goals of creating systematic procedures for water and 
sediment that are objective, semi-quantitative (to the extent 
possible), and absolute (not relative rankings). For example, 
the availability of modeling tools for water made it possible 
to combine potential exposure and toxicity components to 
express predicted environmental pesticide concentrations,  
or predicted exposure, relative to toxicity as a fraction of 
potentially toxic levels.

sac11-0422_fig 01

Selection of 
contaminant pool

Determination of 
toxicity

Determination of 
exposure

Prioritization Scheme

Figure 1.  National Research Council framework for evaluating chemical ranking schemes (National Research Council, 1999).
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Purpose and Scope 
This report describes the process of prioritizing pesticide 

compounds for methods development to identify those com-
pounds that are most likely to occur frequently or be present 
at concentrations potentially harmful to humans or aquatic 
organisms in the environmental matrix of interest: water or 
sediment. Separate screening procedures were developed to 
prioritize pesticide compounds for water and sediment because 
of differing availability of data. In both media, compounds 
were prioritized into three levels of relative importance, and 
the highest priority group of compounds for water and sedi-
ment are the main focus for analytical methods development 
and inclusion in future monitoring programs.

The more than 600 pesticide compounds screened include 
pesticides for which recent agricultural pesticide-use data were 
available, selected degradates, and other pesticide compounds 
currently included in USGS analytical methods for pesticides 
in water and sediment. The prioritization strategy reflected 
the fact that pesticide studies may have a number of different 
goals. Pesticide compounds that are known, or anticipated, 
to occur frequently in the environment, regardless of their 
concentrations, can, for example, be important to monitor for 
trends or studies of fate and transport. Additionally, pesticide 
compounds can be important to consider for potential effects 
on human health or aquatic life if they have been measured, 
or are anticipated to occur, at concentrations approaching 
relevant threshold concentrations for organisms with potential 
exposure. Because this was a screening process, thresholds 
for occurrence and concentrations, and decisions for pri-
oritizing pesticide compounds into tiers, were intentionally 
conservative.

Water

The goal of the prioritization for water was to identify 
pesticides and degradates that are likely to occur widely in 
streams or groundwater, or that are anticipated to occur at 
concentrations potentially relevant to the health of humans, 
in streams and groundwater, or aquatic organisms in streams. 
The 619 pesticides and degradates screened for water were 
evaluated by considering (1) measured pesticide concentration 
and detection-frequency data from NAWQA Program studies 
of streams and groundwater; (2) predicted pesticide concentra-
tions in streams and groundwater, which incorporated pesti-
cide-use estimates and physical-chemical properties; and  
(3) potential toxicity to humans and aquatic organisms. 
Pesticide compounds were further evaluated for their regu-
latory and non-regulatory importance to other agencies or 
organizations. 

Pesticide compounds analyzed in previous NAWQA 
studies were evaluated in terms of both detection frequency 
and measured concentrations. Modeling procedures were used 
to predict concentration statistics for current-use pesticides, 
and selected degradates, for which recent agricultural-use 

estimates were available. Pesticide compounds with data from 
previous NAWQA studies that also have current agricultural-
use data were evaluated for both measured and predicted 
occurrence. Pesticide concentrations, either predicted or mea-
sured, were placed in the context of toxicity to humans and 
aquatic life by using benchmarks and toxicity information.

Sediment

The goal of the prioritization for sediment was to identify 
pesticides and degradates that frequently occur, or are likely to 
occur in sediment, and that could be toxic to aquatic organ-
isms. The universe of pesticide compounds in sediment started 
with the list of 619 compounds from the screening for water, 
which was completed first. Pesticides and degradates included 
in USGS analytical methods, both approved and research, 
for sediment that are not included in any water methods were 
added to the list. The list was further refined to exclude con-
stituents such as mixtures, microbial pesticides, and inorganic 
compounds, which resulted in a list of 611 pesticides and 
degradates to be screened for sediment.

The screening for sediment considered (1) measured 
occurrence in stream bed, suspended, and lake sediments from 
prior USGS studies; (2) predicted likelihood of occurrence 
in sediment on the basis of physical-chemical properties; (3) 
potential toxicity to aquatic organisms; and (4) pesticide-
use levels. As with water, pesticide compounds also were 
evaluated according to the priorities of other agencies or 
organizations.

Pesticide compounds analyzed in previous USGS studies 
were evaluated for their detection frequency. For pesticide 
compounds without occurrence data, physical-chemical prop-
erty data were examined to determine the likelihood of the 
compound occurring in sediments. When possible, measured 
pesticide concentrations were evaluated relative to toxicity to 
aquatic organisms by comparing concentrations to screening 
values for sediment. Aquatic toxicity also was incorporated 
into the sediment prioritization by classifying pesticides that 
occur, or are likely to occur, in sediment according to their  
relative degrees of toxicity to identify the most toxic 
compounds.

Methods
The prioritization strategy incorporated the same general 

data elements in the screening procedures for water and sedi-
ment. This section first describes the common data elements 
used and then separately describes the tiering processes for 
water and sediment. Specifics about measured occurrence data 
for water and sediment, details about models used to estimate 
predicted concentrations in water, and agency and organization 
priorities considered are given under the water and sediment 
tiering process subsections.
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Data Types and Sources

Several types and sources of data were used to prioritize 
pesticide compounds for water and sediment. The following 
subsections discuss physical-chemical properties, pesticide  
use information, aquatic-life benchmarks and toxicity infor-
mation, sediment benchmarks and toxicity information, and 
human-health benchmarks.

Physical-Chemical Properties
Physical-chemical property data for pesticides were com-

piled from several sources, including the Pesticide Properties 
DataBase (2009) from the UK FOOTPRINT project (PPDB), 
a literature compilation of property data from primary sources 
conducted by the NAWQA Pesticide National Synthesis 
group (various sources cited in tables), and experimental and 
estimated values from USEPA’s Estimation Programs Interface 
(EPI) Suite™ software program (U.S. Environmental Protec-
tion Agency, 2009a). Three properties were used to predict 
pesticide concentrations in streams by using the multi- 
compound Watershed Regressions for Pesticides (WARP) 
model: vapor pressure, the organic carbon-water partition-
ing coefficient (Koc), and aerobic soil degradation half-life 
(+). When property data were available from more than one 
source, a priority of existing sources was used to select the 
value for each property in order to obtain the greatest consis-
tency in the type of value selected and to rely on values com-
piled from the literature. The priority of sources for selected 
property values were as follows:

•	 Vapor pressure—(1) PPDB or (2) EPI Suite™ experi-
mental or estimated value.

•	 Koc—(1) literature value, (2) PPDB, or (3) EPI Suite™ 
experimental or estimated value.

•	 Soil half-life—(1) PPDB “typical” (the “typical values” 
are those given in the general literature and are often a 
mean of all studies, field and laboratory), field study, or 
lab study, or (2) field or lab study value compiled from 
literature.

Selected properties also were used to determine the 
predicted likelihood of occurrence of pesticide compounds in 
sediment: aerobic soil degradation half-life, to indicate per-
sistence; octanol-water partitioning coefficient (Kow) or water 
solubility, to indicate hydrophobicity; and Koc, to indicate soil 
sorption (appendix 1). As with water, with the exception of 
soil half-life, when property data were available from more 
than one source, a priority of available sources was used to 
select the value for each property. The priority of sources for 
selected Kow values was (1) PPDB, (2) literature value, or (3) 
EPI Suite™ experimental or estimated value. The priority of 
sources for selected water solubility values was (1) literature 

value at 25 degrees Celsius (°C), (2) EPI Suite™ experimental 
or estimated value at 25°C, or (3) PPDB value at 20 or 25°C. 
Water solubility values from the PPDB were given lowest 
priority because most are given at 20°C, compared to the stan-
dard 25°C used in most other sources. The priority of sources 
for Koc values selected was the same as for water. A conserva-
tive decision was made to choose the maximum, or longest, of 
the available soil degradation half-life values, using the same 
sources as those listed for water, because a compound’s per-
sistence was the primary factor in predicting the likelihood of 
occurrence in sediments. For a limited number of compounds 
for which measured soil half-life values were not available 
as a measure of persistence in sediment, but for which other 
properties that were required to determine predicted likelihood 
of occurrence in sediment, estimates of persistence were relied 
upon. These estimates also are listed in appendix 1 and were 
of two types: (1) a “Persistence score” (see appendix 2 for the 
scoring methodology), determined from output of the BIO-
WIN model, a component of EPI Suite™ (U.S. Environmental 
Protection Agency, 2009a), and (2) estimated soil half-life 
from the PBT Profiler, a property estimation screening tool 
developed to screen chemicals lacking experimental data, to 
identify chemicals that potentially persist, bioaccumulate, 
and are toxic to aquatic life (U.S. Environmental Protection 
Agency, 2010b).

Pesticide-Use Data
Estimates of agricultural pesticide use for 2007 were 

obtained from unpublished proprietary data from GfK Kynetec 
(GfK), for 331 pesticides (GfK Kynetec, 2007). The data from 
GfK include pesticide-use estimates for active ingredients col-
lected through annual surveys of more than 80 crops, includ-
ing major field crops, some fruit and specialty crops, and other 
agricultural land use, such as pasture and rangeland. Annual 
crop surveys are based on a statistical sample of commercial 
farm operations distributed throughout crop reporting districts 
(Thelin and Stone, 2010). Of the 447 pesticide compounds 
in the database of use estimates for the years 1992 to 2007, 
331 compounds had agricultural use for the most recent year, 
2007. These data were used in the screening procedure for 
water in models used to estimate pesticide concentrations 
in streams and groundwater. Estimates of non-agricultural 
pesticide-use ranges were based on information collected dur-
ing 2000–07 obtained from the USEPA (Gail P. Thelin, U.S. 
Geological Survey, written commun., 2009); these estimates, 
along with 2007 agricultural pesticide-use estimates, were 
used qualitatively in the screening procedure to prioritize 
pesticide compounds in sediment. Agricultural pesticide-
use trends—increasing or decreasing—from the most recent 
5 years of unpublished proprietary data, 2003–07, from GfK 
Kynetec also were considered.
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Aquatic-Life Benchmarks and Toxicity 
Information for Water

Aquatic-life benchmarks for water used in this prioriti-
zation effort included USEPA Office of Pesticide Programs’ 
(OPP) aquatic-life benchmarks for freshwater (U.S. Envi-
ronmental Protection Agency, 2009d); USGS aquatic-life 
benchmarks, developed using the same methods used to 
develop OPP benchmarks as well as aquatic-life toxicity 
data compiled from OPP Reregistration Eligibility Decision 
(RED) and ecological risk assessment documents for indi-
vidual compounds, which are available at http://www.epa.
gov/oppsrrd1/reregistration/status.htm (U.S. Environmental 
Protection Agency, 2010c); and USEPA Office of Water’s 
National Recommended Water-Quality Criteria (NRWQC) 
for the protection of aquatic life (U.S. Environmental Protec-
tion Agency, 2002). Benchmark values were selected in the 
previously listed order of priority among sources. For a given 
compound, if multiple benchmarks were available for different 
taxonomic groups or for acute or chronic exposures, then the 
lowest (most conservative) value was selected.

For compounds that lacked benchmarks, aquatic-life tox-
icity data were compiled. Data sources for these toxicity data, 
selected in the following order of priority, included USEPA 
OPP RED or ecological risk assessment documents (U.S. 
Environmental Protection Agency, 2010c), USEPA’s ECO-
TOXicology Database System (U.S. Environmental Protection 
Agency, 2010a), USEPA OPP Pesticide Ecotoxicity Database 
(U.S. Environmental Protection Agency, 2009e). Toxicity 
values from standard test species, endpoints, and test durations 
were used. In the absence of measured toxicity data, predicted 
toxicity values from USEPA’s Ecological Structure Activ-
ity Relationships (ECOSAR) estimation program, part of the 
EPI Suite™ software (U.S. Environmental Protection Agency, 
2009a), were used. A level of concern (LOC) factor of 0.5 was 
applied to acute fish and invertebrate toxicity values to make 
them comparable to acute aquatic-life benchmarks consistent 
with USEPA OPP’s methodology (U.S. Environmental Protec-
tion Agency, 2009d). The minimum, or most conservative, 
toxicity value (with the LOC applied to acute values) from the 
chosen source was selected for each compound. Henceforth 
in this report, the aquatic-life benchmarks or toxicity values 
selected for each pesticide compound and used in the prioriti-
zation for water will be collectively referred to as “aquatic-life 
benchmarks”; these values are tabulated in appendix 3.

Sediment Benchmarks and Toxicity Information
Several types of sediment benchmarks for benthic organ-

isms were compiled for comparison with measured pesticide 
concentrations in sediment, including USEPA equilibrium- 
partitioning sediment guidelines (U.S. Environmental  
Protection Agency, 2004), Canadian interim sediment-
quality guidelines (Canadian Council of Ministers of the 

Environment, 2002), sediment-quality screening values from 
Lopes and Furlong (2001), and consensus-based sediment-
quality guidelines from MacDonald and others (2000). Some 
of these benchmarks—especially those from Canada and 
MacDonald and others (2000)—consist of a pair of screening 
values for each compound, with the upper screening value 
designating concentrations above which effects are likely or 
frequently observed, and the lower screening value indicating 
concentrations below which effects are rare or not expected.

For pesticides without sediment benchmarks for benthic 
organisms, aquatic-toxicity information for pesticides in water, 
compiled as described in the previous section, was used to 
categorize pesticide compounds by their potential toxicity to 
sediment-dwelling organisms. Aquatic toxicity from sediment 
exposures is predicted to occur at the same concentration 
in the pore water of the sediment as it would in water-only 
exposures, with the pore-water concentration, at equilibrium, 
assumed to be a function of the organic carbon content of the 
sediment (Di Toro and others, 1991). Therefore, in the present 
report, the relative toxicity of pesticides in water was used as 
an indicator of their relative toxicity in sediment—the influ-
ence of sediment-organic carbon, which is a characteristic of 
the sediment, not the pesticide, need not be considered because 
it is a site-specific concern. Briefly, aquatic-life benchmarks 
were used to derive Aquatic-Life (AL) Toxicity Bins as sum-
marized in table 1. Pesticide compounds with benchmarks that 
met the acute or chronic threshold concentrations for a given 
AL Toxicity Bin were classified in that bin. With respect to 
sediment tier assignments, which is described later, pesticide 
compounds in AL Toxicity Bins 1 and 2 were considered to 
have “high” aquatic toxicity, and compounds in AL Toxicity 
Bin 3, or with no information available (NIA), were con-
sidered to have “low” aquatic toxicity. A table of (1) the AL 
Toxicity Bins with the underlying aquatic-life benchmarks and 
(2) the available sediment benchmarks, used in the evaluation 
of pesticides for sediment, is provided in appendix 4.

Human-Health Benchmarks
Human-health benchmarks used in the prioritization strat-

egy include USEPA Maximum Contaminant Levels (MCLs) 
for drinking water (U.S. Environmental Protection Agency, 
2009c); Health-Based Screening Levels (HBSLs) from USGS 
(Toccalino and others, 2008) or provisional HBSLs (pHBSLs), 
which were calculated for additional compounds that have yet 
to have an HBSL determined, using the HBSL methodology 
(Toccalino, 2007); or Maximum Acceptable Concentrations 
(MACs) from Canada (Health Canada, 2008). Henceforth in 
this report, the benchmarks described above will be collec-
tively referred to as human-health benchmarks. Concentra-
tions of pesticide compounds that are regulated by USEPA in 
drinking water under the SDWA were compared to MCLs, and 
concentrations of unregulated contaminants were compared 
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to HBSLs (or pHBSLs), when available, or MACs for a few 
compounds. MCLs are legally enforceable USEPA drinking-
water standards (U.S. Environmental Protection Agency, 
2009c). HBSLs are non-enforceable benchmark concentrations 
of contaminants in water that were developed by the USGS in 
collaboration with the USEPA and others (Toccalino, 2007).

The Tiering Process

This section describes the separate screening proce-
dures that were developed to prioritize pesticide compounds 
for analytical methods development for water and sediment. 
Compounds were prioritized into three tiers for each medium 
(water and sediment). Tier 1 includes compounds that are 
high priority for analytical methods development for future 
water-quality monitoring and studies because they are known 
or anticipated to widely occur in the environment, or they 
can occur at concentrations relevant to the health of humans 
or aquatic organisms; Tier 2 includes compounds that do not 
meet the criteria for the highest priority group but that are of 
moderate priority because of their regulatory status, potential 
for occurrence, toxicity, or importance to other agencies or 

organizations; and Tier 3 includes compounds that do not meet 
the criteria for Tiers 1 or 2 and are currently low priority for 
analytical methods development efforts. 

Pesticide compounds can be categorized as Tier 1, the 
highest priority, on the basis of measured or predicted occur-
rence, or potential for toxicity to aquatic life or humans. 
Prioritization criteria that were common to both water and 
sediment procedures include measured detection frequency of 
greater than 10 percent in USGS monitoring studies, inclusion 
of pesticide degradates in the same tier as parent pesticides, 
and evaluation of importance to other agencies or organiza-
tions. In addition, pesticide-use information and physical-
chemical properties were used in both prioritization proce-
dures, although in different manners. As an occurrence-based 
approach to prioritization, USGS, and primarily NAWQA, 
datasets were selected for this process because these data 
adhere to a consistent national design. Extending beyond these 
data sources into studies with designs that are not consistent 
with them, as well understood, or that use targeted approaches, 
was beyond the scope of this approach; however, expanding to 
outside data sources could be helpful for future work. Further, 
pesticide compounds with recent agricultural-use data that are 
not included in USGS analytical methods, as well as com-
pounds that are, were evaluated by prediction means, which 
expanded the occurrence-based evaluation of pesticide com-
pounds beyond those determined by USGS analytical meth-
ods. The specific procedures and uses of data are described 
for each medium in the following “Water” and “Sediment” 
sections.

Water
The screening procedure for pesticide compounds in 

water incorporates measured or predicted pesticide concentra-
tions, or both, in surface water and groundwater, historical 
detection-frequency data, and potential toxicity to aquatic 
organisms and humans. Screening procedures for pesticide 
compounds in water were carried out in parallel for surface 
water and groundwater.

Measured and predicted pesticide-concentration statistics 
were compared to applicable aquatic-life, or human-health 
benchmarks, or both when available. Benchmark quotients 
(BQs) were calculated by dividing the concentration statistic 
by the benchmark value and used to indicate the degree of 
potential concern for aquatic life and human health. A thresh-
old value of BQ greater than 0.01 for either aquatic life or 
human health, resulting from either measured or predicted 
concentrations, was selected as a conservative measure to 
categorize pesticide compounds as high priority—and thus, 
in Tier 1. A BQ greater than 0.01 indicates that a contaminant 
concentration is greater than one-hundredth of the benchmark 
value. This threshold is more conservative than thresholds 
often used in analyses of water-quality data. For example, for 
individual contaminants, concentrations greater than one-tenth 
of a human-health benchmark commonly are used to identify 
contaminants that could warrant additional monitoring, to 

Table 1.  Thresholds for Aquatic-Life Toxicity Bins for pesticides 
in sediment.

[Abbreviations: AL, aquatic-life; NIA, no information available; µg/L, 
microgram per liter; <, less than; >, greater than; –, none]

AL Toxicity  
Bin

Benchmark  
type

Benchmark 
threshold 

concentration  
(µg/L) 1

1 Acute 2 <50 
Chronic  <10

2 Acute 2 50 to 50,000 
Chronic  10 to 10,000

3 Acute 2 >50,000
Chronic  >10,000

NIA – –
     1 The acute and chronic toxicity thresholds are consistent with the 

ecotoxicity categories from the Pesticide Properties Database (2009). The 
acute toxicity thresholds also are consistent with USEPA Environmental 
Fate and Effects Division’s ecotoxicity categories (http://www.epa.gov/
oppefed1/ecorisk_ders/toera_analysis_eco.htm) with the highly, moderately, 
and slightly toxic categories collapsed into a range of concentrations 
corresponding to AL Toxicity Bin 2.

2 AL Toxicity Bin thresholds for acute aquatic-life benchmarks account for 
the level of concern (LOC) of 0.5 that was applied to acute toxicity values for 
pesticides to determine benchmark values, consistent with U.S. Environmental 
Protection Agency Office of Pesticide Programs methodology (U.S. 
Environmental Protection Agency, 2009e). Acute thresholds would be two-
times greater (and ten-times greater than chronic thresholds corresponding 
to the same AL Toxicity Bin) if raw acute toxicity values (LC50 or EC50 
values without an LOC applied) were used to determine AL Toxicity Bins. 
The acute thresholds for other (non-pesticide) contaminant groups evaluated 
for analytical methods development priorities were <100, 100 to 100,000, and 
>100,000 μg/L for AL Toxicity Bins 1, 2, and 3, respectively (Lisa D. Olsen, 
U.S. Geological Survey, written commun., 2010).
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analyze trends in their occurrence, and to provide an early 
indication of contaminant concentrations that approach their 
benchmarks (Toccalino and others, 2006; Toccalino, 2007). 
The 0.01 BQ threshold was chosen to be more inclusive for 
identifying compounds for methods development priorities.

There are limitations to the approach of using observed or 
predicted occurrence for pesticide compounds for which one 
particular form is measured or predicted, but multiple applica-
tion forms can exist. An example of this is the chlorophenoxy 
acid herbicides, which also can be applied as salts or esters 
and, therefore, have different forms of the pesticide active 
ingredient introduced to the environment. In these cases, the 
specific pesticide compound used in the prioritization was 
determined according to the compound for which data were 
available. Analytical methods can underestimate the total 
pesticide concentration when, for example, a particular ester 
form of a pesticide is measured (for example, sulfometuron-
methyl). Further, use data for current agricultural-use pesti-
cides usually list only one form of these compounds but use 
estimates can include multiple forms. As such, predicted con-
centrations can provide better estimates of the total concentra-
tions for pesticide compounds such as these. Because pesti-
cide compounds with USGS occurrence data that are current 
agricultural-use pesticides also were evaluated by predicted 
concentrations, this limitation is reduced. Benchmarks, when 
available, were matched to the specific form of the measured 
or predicted compound. 

Detection frequencies of pesticide compounds in surface 
water and groundwater from NAWQA water-quality monitor-
ing studies also were evaluated. A detection frequency thresh-
old of 10 percent was used to identify “frequently detected” 
compounds, which were placed in Tier 1. This detection 
frequency often is selected as a threshold for frequently- 
occurring compounds in water-quality studies and was consis-
tent with the threshold used to screen occurrence data for other 
contaminant groups under evaluation for analytical-methods 
development priorities (Lisa D. Olsen, U.S. Geological  
Survey, written commun., 2010).

The screening of measured occurrence data, in addition 
to predicted pesticide concentrations, to determine priority 
compounds allows inclusion of pesticides no longer registered 
for use and balances the need to track trends in historically  
prevalent compounds with the need to include newer 

current-use pesticide compounds that are potentially important 
but have yet to be characterized. 

Surface Water
The evaluation of pesticide compounds in surface water 

was based on measured and predicted concentrations in 
streams and detection frequency in streams, and is illustrated 
in figure 2. Derivation of measured and predicted pesticide-
concentration statistics is described below. These concentra-
tion statistics were divided by aquatic-life or human-health 
benchmarks, when available, to calculate BQs. The 95th-
percentile concentration statistic was chosen for comparison to 
aquatic-life benchmarks because this concentration represents 
the concentration likely to be exceeded for about 2.5 weeks 
per year and is appropriate for comparison to chronic bench-
marks; the benchmarks selected for comparison were the 
lowest value for a given compound and are protective of the 
most sensitive species for short or long-term exposures. The 
annual mean concentration statistic was chosen for com-
parison to human-health benchmarks used in this evaluation 
because benchmarks are based on long-term, lifetime expo-
sure. Measured pesticide detection frequency in streams also 
was evaluated.

Measured Concentrations in Streams

Concentration data for 83 pesticide compounds sampled 
in up to 113 stream sites in previous NAWQA water-quality 
monitoring studies were evaluated; these data are summa-
rized in appendix 5. Pesticide-concentration statistics for 
agricultural and urban land-use streams that were sampled 
8 to 50 times over a 1-year period between 1993 and 2000 
were compared to aquatic-life and human-health benchmarks, 
when available. For a given compound, the maximum of the 
time-weighted 95th-percentile concentrations among stream 
sites was compared to the aquatic-life benchmark, and the 
maximum of the time-weighted annual mean concentrations 
was compared to the human-health benchmark. The resulting 
BQ values were used to identify compounds that historically 
have been detected in streams at concentrations approaching 
threshold concentrations potentially relevant to aquatic life or 
human health.
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Measured1 or predicted2 AL or HH 
BQ greater than 0.01 in streams or 

groundwater (HH only)?

Measured DF3 greater 
than 10 percent in 

streams or groundwater?

Other agency or 
organization priority?

Degradate of a Tier 1 
compound?

Degradate of a Tier 1 or 
Tier 2 compound?

To Tier 1 or 2, as 
appropriate

Yes

NoYes

No

NoYes NoYes

Yes
Tier 1

Tier 2

No

Tier 3

1BQs for measured concentrations in streams are the maximum of the 95th percentile concentrations among stream sites divided by the AL benchmark, and the maximum of the 
annual mean concentrations divided by the HH benchmark. BQ for measured concentrations in groundwater are the 99th percentile concentration of wells divided by the HH 
benchmark. Measured concentration statistics are for agricultural and urban land-use streams and agricultural, urban, and mixed land-use wells.

2BQs for predicted concentrations in streams are the maximum of the 95th percentile concentrations among stream reaches divided by the AL benchmark, and the maximum of the 
annual mean concentrations divided by the HH benchmark. BQs for predicted concentrations in groundwater are the 99th percentile concentration divided by the HH benchmark.

3Measured DFs are for pesticide compounds measured in streams and groundwater in agricultural and urban land-use areas.

AL = aquatic-life

HH = human-health

BQ = benchmark quotient

DF = detection frequency

EXPLANATION

Figure 2.  Flow chart for the evaluation of pesticides and degradates in surface water and groundwater.
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Predicted Concentrations in Streams

The WARP model for atrazine (Stone and Gilliom, 
2009) was used to predict pesticide-concentration statistics 
in streams by using adjustment factors to extrapolate to other 
pesticides. The WARP models were designed to predict atra-
zine concentrations in streams on the basis of agricultural-use 
intensity at the watershed scale; the models have the general 
form of equation 1:

      log Concentration  = UI + log R
+ K+ WA +

10
1/4

10
1/2

( ) ( )f
  PERDUN + PRECIP

where
UI = atrazine-use intensity, or the 

a

]

nnnual agricultural use in a 
watershed in kilograms dividedd 
by the watershed area in square 
kilometers;

R = rainfall errosivity factor R-factor  
from Universal Soil Loss Equat

( )
iion 

USLE ;
K = soil erodibility factor K-factor   

from USLE

( )
( )

;;
WA = area of the watershed in square 

kilometers;
PERDUN = perccentage of total stream flow  

derivedfrom Dunne overland fflow; and
PRECIP = total precipitation for May and 

June in miillimeters.

		
			 
		   (1)

Details about the application of the WARP model and 
coefficients for the model variables are included in appendix 6. 
The model was applied to other pesticides by substituting 
the use intensity of the pesticide of interest and adjusting the 
predicted concentrations by using physical-chemical proper-
ties of that pesticide, as described in detail in appendix 6. 
Briefly, multi-compound adjustment factors incorporate 
physical-chemical properties of a pesticide compound—soil 
degradation half-life, Koc, and vapor pressure—that indicate 
the degree to which the compound is more or less mobile in 
surface water than atrazine, and adjusts the predicted concen-
tration for that compound accordingly. The physical-chemical 
property values used in the model are listed in appendix 1. 
Pesticide compounds for which individual physical-chemical 
properties were unavailable had the properties of atrazine sub-
stituted in the adjustment factor; this provides a conservative 
estimate of concentrations for most other pesticides because 
atrazine is relatively water soluble, mobile, and persistent in 

the environment (Gilliom and others, 2006). Recent (2007) 
agricultural pesticide-use intensity estimates for 331 pesticides 
(unpublished proprietary data from GfK Kynetec) were used, 
and, as a worst-case approximation, use estimates for parent 
compounds were applied to an additional 111 degradation 
products. These degradates primarily were current analytes 
in USGS analytical methods and do not represent all possible 
degradates of the agricultural pesticides evaluated.

Predicted concentration statistics, specifically the 95th 
percentile and annual mean, in up to more than 62,000 
individual stream reaches, depending on the area of pesticide 
use, were estimated for a total of 442 pesticides and degra-
dates. For each compound, the maximum of the 95th per-
centile and the maximum of the annual mean concentrations 
among stream reaches were used to determine aquatic-life 
and human-health BQs, respectively. The resulting BQ values 
were used to identify current-use pesticides and degradates 
that have the potential to occur in streams at concentrations 
approaching threshold concentrations relevant to aquatic life 
or human health.

Detection Frequency in Streams

In addition to screening BQ values, NAWQA detection 
frequency data for 218 pesticide compounds analyzed in up to 
101 agricultural and 51 urban stream sites during 1993–2006 
were evaluated (fig. 2 and appendix 7). Detection frequen-
cies of pesticide compounds at individual stream sites were 
calculated, then pooled by land-use group, to give an overall 
mean detection frequency for each land-use group, agricultural 
or urban, that is site-weighted. A minimum of 12 samples per 
stream site were required to be included in the detection fre-
quency calculations. This screening identified pesticide com-
pounds that were detected frequently—these were placed in 
Tier 1 even though they have no aquatic-life or human-health 
benchmarks available or occurred at concentrations below the 
0.01 BQ threshold for placement in Tier 1.

Groundwater
The evaluation of pesticide compounds using measured 

and predicted pesticide concentrations in groundwater is illus-
trated in figure 2. Determination of measured and predicted 
pesticide-concentration statistics is described in the following 
sections. The 99th percentile concentrations were divided by 
human-health benchmarks, when available, to calculate BQs. 
The 99th percentile concentration was chosen as a conserva-
tive statistic for groundwater concentrations without using 
the maximum concentration among all wells sampled, which 
could include high-concentration outliers. Measured pesticide 
detection frequency in groundwater also was evaluated.
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Measured Concentrations in Groundwater

Concentration data for 83 pesticide compounds sampled 
in groundwater networks for previous NAWQA water-quality 
monitoring studies during 1993–2003 were evaluated; these 
data are summarized in appendix 8. Pesticide-concentration 
statistics were determined for agricultural (920 to 1,406 wells, 
depending on the pesticide), urban (607 to 856 wells), and 
mixed (1,446 to 2,732 wells) land-use wells, and the 99th 
percentile concentration for each pesticide in each land use 
was compared to human-health benchmarks, when available. 
The resulting BQs were used to identify compounds that 
historically have been detected in groundwater at concentra-
tions approaching threshold concentrations that are potentially 
relevant to human health.

Predicted Concentrations in Groundwater

A regression model for predicting atrazine occurrence 
in shallow agricultural groundwater across the United States 
(Stackelberg and others, 2006) was modified to predict the 
summed concentration of atrazine and deethylatrazine (Paul 
Stackelberg, U.S. Geological Survey written commun., 2011). 
Model variables were selected to represent the environmental 
setting, agricultural management practices, and atrazine-use 
intensity. The modified model was used to predict concentra-
tions of other current-use non-atrazine pesticide compounds 
by substituting recent (2007) agricultural pesticide-use inten-
sity estimates for 331 pesticides in the present study (unpub-
lished proprietary data from GfK Kynetec). The groundwater 
model has the form of equation 2:
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92200 = the intensity, in kilograms per square 
kilometer, off atrazine applications 
for agricultural purposes in 500-mmeter 
radial areas around each sampled well. 
Atrazine-use  estimates were based on 
unpublished proprietary-use data  
obtained from DMRKYNETEC, Inc. 
(Thelin and Stone, 2010);  9200
represents the average reported use 
for the year

use  

ss 1992 2000.
= the percentage of 1-square kilometer 

g

−
artdrn

rrid cells with subsurface drains and 
graded ditches as reppresented by 
conservation practices CP606, CP607, 
and/or CCP608 (U.S. Natural Resources 
Conservation Service, 1995)..

= depth the seasonally high water table
in meters (Na

wtdep
ttural Resources 

Conservation Service, 1994).
permeapermin = bbility of the least permeable soils 

layer in centimeters pper hour 
U.S. Natural Resources

Conservation Service, 199
(

44).
mean annual groundwater recharge in 

centimete
recharge =

rrs per year  estimated from 
a base-flow analysis and mean

,
  annual 

runoff as described in Wolock (2003) 
and modified  to include groundwater 
withdrawn for irrigation purposes  
(Karen Burow, U.S. Geological Survey,
written commun., Mayy 2009).

mean annual air temperature during 198airtemp = −0 977   
in degrees C (Thornton, 2003).
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Details about the development and application of the 
groundwater model are included in appendix 9. A multi-
compound model with adjustment factors for non-atrazine 
pesticides, like that used for streams, has not yet been devel-
oped for groundwater, but this method provided a conservative 
estimate of future pesticide concentrations in groundwater 
by assuming that all pesticides behave in the environment as 
atrazine does. The 99th percentile predicted concentration 
for each compound was divided by the human-health bench-
mark for the compound, when available, to calculate a BQ. 
The resulting BQs were used to identify current-use pesticide 
compounds that have the potential to occur in groundwater at 
concentrations approaching those relevant to human health.

Detection Frequency in Groundwater

Pesticide detection frequencies were evaluated for 
216 pesticide compounds analyzed in up to 59 agricultural and 
34 urban groundwater networks monitored by NAWQA during 
1993–2006 (appendix 7). Detection frequencies of pesticide 
compounds in individual wells were pooled by network, and 
a mean detection frequency was calculated for each network; 
then networks were pooled by land-use group to give an 
overall mean detection frequency for the agricultural or urban 
land-use group that is site- and network-weighted. A mini-
mum of 12 wells per network were required to be included 
in the detection frequency calculations. As with streams, this 
screening step identified pesticide compounds that have been 
detected frequently, that is greater than 10 percent, and places 
them in Tier 1—regardless of whether they have human-health 
benchmarks available or are below the 0.01 BQ threshold.

Other Factors
In a final screening step, pesticide compounds were eval-

uated on the basis of other priorities relevant to aquatic life or 
human health (fig. 2). Pesticide compounds that did not meet 
the prioritization criteria for Tier 1, but were determined to be 
a priority to another agency or organization were assigned to 
Tier 2; priorities are tabulated in appendix 3. Criteria for Tier 
2 priorities include pesticide compounds characterized by the 
following:

•	 Have USEPA MCL values, but do not meet the criteria 
for Tier 1 (U.S. Environmental Protection Agency, 
2009d).

•	 Are on USEPA’s Contaminant Candidate List 3 (U.S. 
Environmental Protection Agency, 2009c).

•	 Have been included in USEPA’s Unregulated Contami-
nant Monitoring (UCM) program on the UCM Regula-
tion (UCMR) 1 or UCMR 2 list (U.S. Environmental 
Protection Agency, 2006).

•	 Are on the Association of American Pesticide Control 
Officials (AAPCO), State FIFRA (Federal Insecticide, 
Fungicide, and Rodenticide Act) Issues Research and 
Evaluation Group’s (SFIREG) State List of Pesticides 
of Water Quality Concern (Association of American 
Pesticide Control Officials, 2005).

•	 Have USEPA National Recommended Water Quality 
Criteria for the protection of aquatic life, but do not 
meet the criteria for Tier 1 (U.S. Environmental  
Protection Agency, 2002).

•	 Have specific objectives for aquatic life from the Great 
Lakes Water Quality Agreement (U.S. Environmental 
Protection Agency, 1978).

•	 Have Canadian water-quality guidelines for aquatic-life 
(Canadian Council of Ministers of the Environment, 
2007).

•	 Have recent (1997–2008) active ingredient registra-
tion with the USEPA (U.S. Environmental Protection 
Agency, 2009b).

Pesticide Degradates
When possible, pesticide degradates were evaluated in 

the same manner as parent pesticide compounds, as described 
in the previous sections, “Surface Water” and “Groundwater.” 
Degradates primarily included those that are current analytes 
on USGS analytical methods, and they do not represent all 
possible degradates of the parent pesticides evaluated. Many 
degradates, however, lack information, such as toxicity or 
monitoring data, with which to assess their effects or occur-
rence. Therefore, pesticide degradates that were not prioritized 
as highly as parent compounds were elevated to the same 
priority as the parent as a final step to ensure that potentially 
important degradates were included (fig. 2).

Sediment
A prioritization procedure for pesticide compounds in 

sediment was developed to incorporate measured occurrence 
data in stream and lake bed sediments, predicted likelihood of 
occurrence in sediments, potential toxicity to aquatic organ-
isms, and pesticide use information. Pesticide compounds 
were further evaluated for their regulatory and non-regulatory 
importance to other agencies or organizations. The procedure 
for sediment was less quantitative than that for water because 
of the limited sediment monitoring data available and the lack 
of modeling tools. A schematic of the screening procedure for 
pesticide compounds in sediment is given in figure 3, and the 
pathways in the schematic are listed in table 2; details of the 
screening are described in the subsections that follow.
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Detection frequencies of pesticide compounds in sedi-
ments from USGS monitoring studies were evaluated. A detec-
tion-frequency threshold of 10 percent was used to identify 
“frequently detected” compounds, which were included in Tier 
1. Measured pesticide-concentration statistics also were com-
pared to aquatic-life benchmarks for sediment, when available. 
The screening of measured occurrence data, in addition to the 
predicted likelihood of occurrence in sediments to determine 
priority compounds, balances the need to track trends with the 
need to include newer current-use pesticide compounds that 
could partition to, and accumulate in, sediments and that are 
potentially important but have not yet been characterized.

Measured Sediment Occurrence 
Measured occurrence data from three USGS sediment 

datasets, most of which were for organochlorine pesticides, 
were evaluated as follows: 

1.	 NAWQA stream bed-sediment detection-frequency 
and concentration data for 34 organochlorine 
pesticides and degradates during 1992–2001 
(appendix 10). Pesticides were analyzed in stream 
sites representing three land uses: agricultural, 176 
to 242 samples, depending on the pesticide; urban, 
71 to 125 samples; and mixed, 235 to 361 samples. 

-

MEASURED 
OCCURRENCE

PREDICTED 
OCCURRENCE 

OTHER 
FACTORS

Has compound been monitored?

Yes (USGS) No

DF > 10% DF 1 – 10% DF < 1%

High Low

AL toxicity: High if 
exceeds AL sediment 

benchmarks OR if in AL 
Bin 1 or 2, else low    

Tier 1: (i) high DF; (ii) moderate DF & 
high toxicity; (iii) moderate DF & low 

toxicity but high use; (iv) high 
predicted occurrence & high toxicity; 

or (v) high predicted occurrence & 
low toxicity but high use.

Tier 2: (i) moderate DF & high toxicity 
but no use & HL < 1 year; (ii) moderate 
DF & low toxicity; (iii) high predicted 

occurrence & high toxicity but no use 
& HL < 1 year; or (iv) high predicted 

occurrence & low toxicity.

Tier 3: (i) low DF; or (ii) 
low predicted 
occurrence

Pesticide degradate 
without available 
data to evaluate 

No longer used, 
HL < 1 year & DF 

low?

High or 
increasing use

No longer used 
& HL < 1 year

High or 
increasing 

use

AL toxicity: High if in AL 
Bin 1 or 2, else low    

Stability:  High if soil HL > 30 days;
OR Persistence score > 1

Hydrophobicity:  High if log
Kow > 3 OR Sw < 1mg/L

High Low

P11

High Low

No Yes Yes No

P1

P2 P3

P6a P6b

As appropriate
OF1

DEG1

OF2
DEG2

P4 P5P8a P8b

No Yes Yes No

High Low High Low

Sorption to organic matter:  
High if Koc > 1000

P10 and
P10*

P10*

Factors to ELEVATE: Compound has high use or both agricultural and non-agricultural use, but does not quite meet predicted occurrence thresholds; 
compound is of concern to other agencies; or compound is a degradate of a parent pesticide compound in Tiers 1 or 2.

Factors to DOWNGRADE : Compound has low measured occurrence ( < 5%) and is not persistent or hydrophobic and has low use. 

P9 DEGx

OF3 
DEG3

Figure 3.  Flow chart for the evaluation of pesticides and degradates in sediment.  
Explanation: AL, aquatic-life; AL Bin, AL toxicity bin; DEG, degradate; DF, detection frequency; HL, soil degradation half life; Koc, soil organic carbon-water partition 
coefficient; Kow, octanol-water partition coefficient; mg/L, milligrams per liter; OF, other factors to elevate or downgrade a pesticide compound to another tier; P, 
pathway; Sw, water solubility; >, greater than; <, less than; %, percent.
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2.	 NAWQA lake core detection-frequency data for 
14 organochlorine pesticides and degradates sampled 
during 1994–2001 (appendix 11). Pesticides were 
analyzed in up to 155 core samples collected from 
40 urban and reference lakes around the U.S. Core 
samples represent lake sediments deposited after 
1990 (1990 to 2001). Two to seven samples were 
analyzed from each of 15 dense urban (greater than 
50 percent urban land use) lake sites; two to eight 
samples were analyzed from each of 17 light urban 
(about 8–50 percent urban land use) sites; and one to 
five samples were analyzed from each of eight refer-
ence (less than 2 percent urban and no agricultural 
land use) sites (Van Metre and Mahler, 2005).

3.	 USGS Toxics Program stream bed- and suspended-
sediment detection-frequency data for 74 legacy 
and current-use pesticides and degradates monitored 

during 2001–08 (appendix 12). Pesticide compounds 
were analyzed in a total of 287 samples, with the 
number of samples for any individual pesticide 
compound ranging from 21 to 274. Samples were 
collected from 67 stream sites in targeted agri-
cultural studies in California, which included 104 
bed-sediment samples and 85 suspended-sediment 
samples. A total of 98 bed-sediment samples were 
collected from urban streams in seven states across 
the U.S., with 12 to 21 samples per site.

Pesticides in these datasets were screened by comparison 
to occurrence thresholds, as illustrated in figure 3. Frequently 
detected compounds, those with a detection frequency of 
greater than 10 percent, were categorized as high priority, 
or Tier 1, for sediment by pathway P1 (fig. 3 and table 2). 
Infrequently detected compounds, those with a detection fre-
quency of less than 1 percent, were categorized in the lowest 

Table 2.  Description of screening pathways for sediment.

[Abbreviations: AL, aquatic life; >, greater than; <, less than]

Tier
Pathway  
number

Pathway description

1 P1 Measured in >10 percent of samples in sediment datasets.
1 P2 Measured in 1 to 10 percent of samples in sediment datasets; high toxicity to AL; and 

current use, or recent use and soil half-life >1 year.
1 P3 Measured in 1 to 10 percent of samples in sediment datasets; low or unknown toxicity to 

AL; and high or increasing use.
1 P4 Predicted occurrence (persistent and hydrophobic or immobile); high toxicity to AL; and 

current use, or recent use and soil half-life >1 year.
1 P5 Predicted occurrence (persistent and hydrophobic or immobile); low or unknown 

toxicity to AL; and high or increasing use.
1 OF1 Compound elevated to Tier 1 from lower Tier because of other factors.
1 DEG1 Pesticide degradate placed in Tier 1 with parent because of lack of information to 

evaluate on its own.
2 P6a Measured in 1 to 10 percent of samples in sediment datasets; high toxicity to AL; no 

longer in use, soil half-life <1 year, and low-detection frequency (<5 percent).
2 P6b Measured in 1 to 10 percent of samples in sediment datasets; low or unknown toxicity to 

AL; use is not high or increasing.
2 P8a Predicted occurrence (persistent and hydrophobic or immobile); high toxicity to AL; no 

longer in use and soil half-life <1 year.
2 P8b Predicted occurrence (persistent and hydrophobic or immobile); low or unknown 

toxicity to AL; use is not high or increasing.
2 OF2 Compound elevated to Tier 2 from Tier 3 or downgraded from Tier 1 to Tier 2 because 

of other factors.
2 DEG2 Pesticide degradate placed in Tier 2 with parent because of lack of information to 

evaluate on its own.
3 P9 Measured in <1 percent of samples in sediment datasets.
3 P10 Predicted occurrence (persistent, but not hydrophobic); mobile.
3 P10* Predicted occurrence (persistence unknown, but not hydrophobic); mobile.
3 P11 Predicted occurrence (not persistent).
3 OF3 Compound downgraded to Tier 3 because of other factors.
3 DEG3 Pesticide degradate placed in Tier 3 with parent because of lack of information to 

evaluate on its own.
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priority group, Tier 3, by pathway P9 (fig. 3 and table 2), 
unless subsequently elevated by other factors. Compounds 
of moderate occurrence, with a detection frequency of 1 to 
10 percent, were further screened for (1) exceedance of sedi-
ment benchmarks for aquatic life, when available, or potential 
toxicity to aquatic life; (2) pesticide use, both agricultural and 
non-agricultural; and (3) other factors to place them into Tier 1 
or 2. These factors used in the screening process are further 
described in the subsections that follow. Pesticide compounds 
in the low end of the moderate occurrence range (for example, 
detection frequency of 1 to 4 percent) were placed in Tier 2 if 
physical-chemical properties indicated they were unlikely to 
be present in sediments.

Predicted Likelihood of Occurrence in Sediment
Pesticide and degradate compounds were evaluated for 

predicted likelihood of occurrence in sediments on the basis 
of three parameters: (1) stability, (2) hydrophobicity, and 
(3) tendency to sorb to sediment organic matter despite a low 
log Kow (fig. 3). The specific physical-chemical properties and 
thresholds used to evaluate these parameters are summarized 
in table 3. The sources and selection of physical-chemical 
property data were described earlier in the “Methods” section 
under the subheading “Physical-Chemical Properties,” and the 
specific values and sources used for the sediment evaluation 
are tabulated in appendix 1.

Pesticide compounds that are both stable and hydro-
phobic, or stable with a high tendency to sorb to soil organic 
matter, as defined by the thresholds in table 3, were further 
evaluated for potential toxicity to aquatic life and pesticide use 
(described in the following sections) in the same manner as 
the compounds with moderate measured detection frequency 
(fig. 3). Pesticide compounds that did not meet the stability 
criterion were placed in Tier 3 by pathway P11 (fig. 3 and 
table 2), and compounds that did not meet at least one of the 

criteria for hydrophobicity or sorption to organic matter were 
placed in Tier 3 by pathway P10 (fig. 3 and table 2) on the 
basis that both persistence and hydrophobicity, or sorption, are 
needed for a compound to accumulate in sediment.

Aquatic Toxicity
Pesticide compounds with moderate measured detection 

frequency, 1 to 10 percent, were evaluated for potential aquatic 
toxicity by considering (1) whether measured concentra-
tions exceeded sediment benchmarks, if available, and (2) AL 
Toxicity Bins (fig. 3). A pesticide compound was considered 
to have high aquatic toxicity if it met one or both of the fol-
lowing criteria: (1) more than 5 percent of samples exceeded 
the upper screening value sediment benchmark, or (2) the 
pesticide was in AL Toxicity Bins 1 or 2. These thresholds and 
criteria were consistent with those used for the evaluation of 
other, non-pesticide, lipophilic organics in sediment (Lisa D. 
Olsen, U.S. Geological Survey, written commun., 2010).

Pesticide compounds that were predicted to occur in sedi-
ment (that is, met thresholds for stability and either hydro-
phobicity or soil sorption) also were considered to have high 
aquatic toxicity if they were in AL Toxicity Bins 1 or 2 (fig. 3). 
Compounds with high or low aquatic toxicity were further 
evaluated for pesticide use and other criteria for placement in 
Tier 1 or 2, as described in the following section. 

Pesticide Use and Additional Screening Criteria
Compounds with high aquatic toxicity were placed in 

Tier 1 (pathway P2 or P4, fig. 3 and table 2), unless they are 
no longer in use, have a soil half-life of less than a year, and, 
for compounds with measured occurrence data, were detected 
fairly infrequently, that is, in the 1–4 percent range, in which 
case they were placed in Tier 2 by pathways P6a or P8a (fig. 3 
and table 2). 

Table 3.  Physical-chemical properties and thresholds used to predict likelihood for occurrence in sediments.

[Abbreviations: Koc, soil organic carbon-water partition coefficient; Kow, octanol-water partitioning coefficient; mL/g, milliliters per gram; mg/L, milligrams per 
liter; <, less than; >, greater than; –, none]

Parameter
Physical-chemical property 

(units or value)
Threshold Notes

Stability Aerobic soil degradation half-life (days) >30 Highest lab or field value.
or
Persistence score (1, 2, or 3) >1 Limited usage for compounds 

lacking half-life values.

Hydrophobicity log Kow >3 –
or
Water solubility (mg/L) <1 –

Sorption to organic matter Koc (mL/g) >1,000 –
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Compounds with low aquatic toxicity, that is, in AL 
Toxicity Bin 3 or having no toxicity information available, 
were placed in Tier 2 by pathways P6b or P8b (fig. 3 and 
table 2), unless they had high (top 10 percent of compounds 
in use volume) or increasing pesticide use. These use criteria 
for compounds with low aquatic toxicity only applied to two 
pesticide compounds that were classified as Tier 1 by pathway 
P5 (fig. 3 and table 2). Conceptually, the flow chart allows 
for compounds with moderate detection frequency that meet 
these criteria to be placed in Tier 1 by pathway P3 (fig. 3 and 
table 2); however, in this study, no compounds met all of these 
criteria.

Other Factors
Priorities of other agencies or organizations were consid-

ered in the screening approach as “other factors” by which a 
compound could be elevated from a lower Tier (fig. 3). These 
priorities include the following:

•	 Presence on the AAPCO, SFIREG State List of 
Pesticides of Water Quality Concern (Association of 
American Pesticide Control Officials, 2005).

•	 Presence on the USEPA’s Toxics Release Inventory 
Persistent Bioaccumulative and Toxic list (U.S. Envi-
ronmental Protection Agency, 2009f).

•	 Presence on the USEPA Great Lakes Initiative list of 
bioaccumulative chemicals of concern in the Great 
Lakes (U.S. Environmental Protection Agency, 2000b).

•	 Presence on the USEPA list of High Production Volume 
chemicals (U.S. Environmental Protection Agency, 
2005).

Additional factors elevated the priority of some pesticides 
that were not expected to be very persistent in sediments, 
especially those that are very toxic. Factors such as high 
pesticide use, or use in both agricultural and non-agricultural 
settings, were considered for compounds that are moderately 
hydrophobic (log Kow >2.8) but not very persistent. Such 
compounds can exhibit prolonged, semi-continuous, or steady-
state, concentrations in sediments due to high or frequent 
usage, yet according to the predicted occurrence thresholds 
in the screening (fig. 3), they would fall into Tier 3. Further, 
some compounds that were detected very infrequently (less 
than 1 percent), but are persistent and hydrophobic according 
to the predicted occurrence thresholds, were elevated from 
Tier 3. In contrast, some compounds were downgraded in 
priority because of other factors, such as those with moder-
ate measured detection frequency of less than 5 percent in 
sediment that are not persistent or hydrophobic according to 
the predicted occurrence thresholds, have low use, and are not 
expected to occur widely. These extenuating factors that ele-
vate or downgrade compounds between Tiers are represented 
by pathways OF1, OF2, and OF3 in figure 3 and table 2.

Pesticide Degradates
Pesticide degradates that could not be evaluated by the 

screening procedure because of lack of data were placed in 
the same tier as their parent compound by pathways DEG1, 
DEG2, or DEG3 (fig. 3 and table 2). Degradates that were 
evaluated on the basis of their own data and that were catego-
rized in a lower tier than their parent compound (for example, 
were not predicted to be persistent and hydrophobic) also were 
re-evaluated to determine if other factors indicated that they 
should be elevated to the same tier as their parent compound.

Results and Discussion
The evaluation of pesticide compounds for analyti-

cal methods development priority resulted in classification 
of compounds into three priority tiers each for water and 
sediment. The results for water and sediment are presented 
separately.

Water

Priority Pesticide Compounds for Water
Of the 619 pesticide compounds evaluated, a total of 247 

(40 percent) were placed in Tier 1 and are high priority for 
inclusion in analytical methods available for monitoring and 
studies. About three-quarters of these, or 184 compounds, are 
presently included in some USGS analytical method; how-
ever, many of these compounds are analyzed by one of several 
research methods that are expensive and for which there are 
few data on environmental samples. The large number of 
analytical methods involved to cover all Tier 1 compounds, 
the high individual costs of operation, and the various stages 
of development, make cost-effective application of all the 
methods impractical. The remaining quarter, or 63 compounds, 
of which 25 are degradates, are not currently analyzed by 
USGS laboratories and are high priority as new analytes. The 
objective for development of analytical methods is to design 
an integrated analytical strategy that includes as many of the 
Tier 1 pesticide compounds as possible in a few, relatively 
cost-effective methods. The Tier 1 compounds are listed in 
table 4, along with their respective reasons for high-priority 
status. Table 4 also includes selected Tier 2 compounds that 
have regulatory relevance for drinking water (that is, they have 
USEPA MCLs or are on the CCL3). Depending on program 
objectives, the regulatory status of these Tier 2 compounds 
potentially elevates their priority, such that they could be 
included in analytical methods if space and analytical  
compatibility allow.
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A total of 97 pesticide compounds did not meet the crite-
ria for Tier 1, but were placed in Tier 2 because of importance 
to other agencies or organizations. These compounds could be 
worth consideration as future target analytes, depending on the 
objectives and design of monitoring programs. The remaining 
275 pesticide compounds were not identified as analytical pri-
orities at this time and were assigned to Tier 3. A complete list 
of pesticide compounds for water, arranged by tier, is included 
in appendix 3.

Basis for High Priority for Pesticide Compounds 
in Water

According to the flow chart summarizing the prioritiza-
tion procedure for water in figure 2, Tier 1 analytes include 
pesticide compounds with BQs for aquatic life greater than 
0.01 in surface water, BQs for human health greater than 0.01 
in surface water or groundwater, or measured detection fre-
quencies greater than 10 percent in surface water or ground-
water. BQs from both measured and predicted occurrence and 
detection frequencies for Tier 1 pesticide compounds are listed 
in table 5. 

Figure 4 illustrates the criteria used to select high-priority 
pesticide compounds for water (also see table 4). About half of 
the compounds are in Tier 1 solely on the basis of a BQ, either 

aquatic life or human health, or both, and 17 percent of Tier 1 
compounds are high priority because of frequent occurrence in 
past monitoring alone. Degradates that were included in Tier 
1 because their parent pesticide was high priority compose 
21 percent of the total. 

Counts summarizing the number and percentage of 
compounds that met each of the criteria for Tier 1 are tallied 
in table 6. More compounds exceeded the detection-frequency 
and BQ criteria for surface water than groundwater. The 
largest share of Tier 1 compounds consists of those whose 
predicted occurrence in surface water exceeded the 0.01 BQ 
threshold for aquatic life. Substantial numbers of compounds 
also exceeded the detection-frequency criterion for surface 
water or were degradates of Tier 1 parent compounds (table 6 
and fig. 4). Several pesticide compounds met the BQ criteria 
for both aquatic life and human health and for both surface 
water and groundwater (table 4).

Detection-frequency distributions for each of the four 
datasets evaluated—surface water and groundwater in  
agricultural and urban land use—are shown in figure 5. The 
10-percent detection-frequency threshold captures approxi-
mately the top 25 percent of pesticide compounds from the 
occurrence frequency distributions for agricultural and urban 
streams, and 6 percent of compounds for agricultural and 
urban groundwater (fig. 5). A total of 71 pesticide compounds 
had a detection frequency greater than 10 percent in agricul-
tural or urban streams, and 13 of these compounds also were 
frequently detected in groundwater. Of these 71 compounds, 
41 were included in Tier 1 on the basis of detection frequency 
alone, and not on the basis of potential toxicity considerations 
(tables 4 and 6 and fig. 4).

Degradation products of parent pesticides that did not 
meet the BQ or detection-frequency criteria for inclusion in 
Tier 1, often because of inadequate data, were included in the 
group along with their parent compound (table 4). A total of 
52 compounds that are degradates of Tier 1 pesticides were 
assigned to Tier 1 as a conservative measure (table 4 and 
fig. 4). Several of these compounds are included in existing 
USGS analytical methods, but most do not have adequate 
monitoring data to evaluate their occurrence in streams or 
groundwater. Also, many degradates lack benchmarks or 
toxicity information with which to compare measured or pre-
dicted concentrations. Measuring degradates along with parent 
compounds in water samples helps improve understanding of 
the fate and transport of pesticides in the environment. 

In terms of distribution of across pesticide-use groups, 
Tier 1 includes compounds from the major use groups (fig. 6). 
Herbicides and their degradates make up half of all Tier 1 
compounds, and another 38 percent are represented by insecti-
cides and degradates. Overall, at 40 percent, degradates make 
up a large portion of Tier 1 compounds, and about half of them 
are classified this way because their parent compound was 
Tier 1.

sac11-0422_fig 04

DEG
21 percent

AL BQ 
38 percent

HH BQ
4 percent

DF
17 percent

AL & HH BQ and DF
6 percent
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EXPLANATION
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AL, aquatic-life
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DEG, degradates added to Tier 1 with parent

Figure 4.  Breakdown of Tier 1 pesticide compounds for water by 
reason for high priority.
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Tier 1 pesticide compounds include a diverse range of 
chemical classes—nearly 40 unique classes in all. Five classes 
account for more than half of the total compounds in Tier 1: 
organophosphates are 15 percent, and acetanilides, triazines, 
carbamates, and ureas make up about 9 percent each (fig. 7). 
Four more chemical classes, azoles, anilines, organochlorines, 
and pyrethroids raise this to almost 75 percent of Tier 1 com-
pounds, with the remainder made up of compounds in various 
other chemical classes (fig. 7).

Overall, of the 247 pesticide compounds in Tier 1, 142, or 
57 percent, were identified as high priority because of poten-
tial aquatic-life concerns; some of these compounds also could 
be high priority for human-health reasons (tables 4 and 5). Of 
the 142 compounds, 79 were classified on the basis of USEPA 
OPP’s aquatic-life benchmarks, and two compounds—dieldrin 
and p,pʹ-DDE—on the basis of USEPA NRWQC for aquatic 
life.

Potential concern for human health was the basis for Tier 
1 classification of 61, or 25 percent, of the pesticide com-
pounds; however, some of these compounds also could be 
high priority for aquatic-life reasons (tables 4 and 5). Of the 
61 compounds, 40 are unregulated in drinking water and had 
BQ values calculated from USGS HBSLs. Many of the Tier 1 
pesticide compounds are included in several national regula-
tory programs related to drinking water. Of the compounds in 
Tier 1 for water, currently 12 are regulated in drinking water 
and have USEPA MCLs, and 29 compounds were included 
on USEPA’s most recently (September 2009) finalized CCL3. 
Further, 23 compounds have been monitored through USEPA’s 
UCM program and are included on the UCMR 1 or UCMR 2 
lists (appendix 3).

Table 6.  Counts summarizing the number of compounds that meet the criteria for Tier 1 for water.

[Abbreviations: AL, aquatic-life; BQ, benchmark quotient; DF, detection frequency; GW, groundwater; HH, human-health; SW, surface water; >, greater than; 
%, percent; –, none]

Medium: SW GW SW GW
All Tier 1 

compounds 1
Criterion

Measured 
AL BQ

Predicted 
AL BQ

Measured 
HH BQ

Predicted 
HH BQ

Measured 
HH BQ

Predicted 
HH BQ

DF >10%

Number of pesticide 
compounds

44 128 21 39 8 43 71 13 247

Percent of compounds 
with concentrations and 
benchmarks available

66 40 53 33 38 37 – – 79

1 Some pesticides meet more than one criteria for inclusion in Tier 1.

Other Important Compounds for Water–Tier 2
A total of 97 pesticide compounds that are not in Tier 1 

were identified as Tier 2, or moderate priority, because they 
are priorities of other agencies or organizations (appendix 3). 
Of these, eight have USEPA MCLs, and ten are on USEPA’s 
CCL3. While not meeting the criteria for Tier 1, these 18 com-
pounds are considered higher priority for potential inclusion 
in analytical methods than other Tier 2 compounds because of 
their regulatory status or concern as potential drinking water 
contaminants (table 4). Five of the eight compounds that have 
MCLs (chlordane, endrin, heptachlor, heptachlor epoxide, 
and toxaphene) are organochlorine pesticides or degradates 
that also have USEPA NRWQC for aquatic life (table 4 and 
appendix 3); however, these are hydrophobic compounds that 
are unlikely to be detected in water. Additional agency or 
organization priorities contributed to classification of pesticide 
compounds as Tier 2, as described in the “Methods” section, 
including 14 compounds on the AAPCO SFIREG state list of 
pesticides of water quality concern; 16 compounds that have 
USEPA NRWQC for the protection of aquatic life; 9 com-
pounds that have specific objectives for aquatic life from the 
Great Lakes Water Quality Agreement; 10 compounds that 
have Canadian water-quality guidelines for aquatic life; and 
45 compounds that have recent (1997–2008) active ingredient 
registration with USEPA.
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Figure 5.  Detection-frequency distributions for surface-water and groundwater pesticide datasets.
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Figure 7.  Breakdown of Tier 1 pesticide compounds for water by chemical class.

Figure 6.  Distribution of Tier 1 pesticide compounds for water among pesticide-use groups.
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Sediment

Priority Pesticide Compounds for Sediment
A total of 175 pesticide and degradate compounds, 

29 percent of the 611 compounds evaluated, were classified as 
Tier 1 for sediment and, thus, are high priority for inclusion 
in analytical methods available for monitoring and studies. 
More than 60 percent (106 compounds) of these compounds 
are included in some USGS analytical method; however, 
some are spread across several research methods that are 
expensive to perform, and monitoring data are not extensive 
for many compounds. The remaining about 40 percent, or 69 
compounds, including 27 degradates, of Tier 1 compounds for 
sediment are high priority as new analytes. The objective for 
analytical methods development for sediment is to enhance 
an existing analytical method that currently includes nearly 
half of the pesticide compounds in Tier 1 by adding as many 
additional Tier 1 compounds that are analytically compatible. 
These high priority compounds are listed in table 7, along with 
the respective reasons for their Tier 1 status. The “Pathway to 
Tier 1” column in table 7 corresponds to the pathways in the 
flow chart for sediment prioritization (fig. 3 and table 2).

An additional 68 pesticide compounds did not meet the 
criteria for Tier 1 and were categorized as Tier 2 (moderate 
priority) according to the flow chart for the evaluation for sedi-
ment (fig. 3 and table 2). The remaining 368 pesticide com-
pounds were not identified as analytical priorities for sediment 
at this time and were placed in Tier 3.

Basis for High Priority of Pesticide Compounds in 
Sediment

The reasons for the high priority status of the 175 Tier 
1 pesticide compounds are summarized in figure 8. Broken 
down by the evaluation pathways (fig. 3 and table 2), a total of 
62 compounds, or 35 percent, are high priority on the basis of 
measured occurrence (fig. 8 and table 7). Table 8 summarizes 
sediment detection-frequency data for pesticide compounds 
from the three USGS datasets. Pesticide compounds in Tier 1 
include 36 compounds that were frequently detected in USGS 
monitoring studies (pathway P1) and 26 that have a combi-
nation of moderate occurrence, potential toxicity to aquatic 
life, and pesticide use (pathway P2; fig. 8 and table 7). Of the 
36 frequently detected pesticide compounds, 17 are organo-
chlorine pesticides or degradates, most of which are legacy 
compounds without current use. A total of 74 compounds, 

or 42 percent, are high priority on the basis of predicted 
likelihood of occurrence in sediment and either aquatic-life 
toxicity or pesticide use, or both (pathways P4 and P5; fig. 8 
and table 7). The remaining 39 pesticide compounds, or 22 
percent, were placed in Tier 1 for sediment because they are 
degradates of Tier 1 parent compounds (pathway DEG1) or as 
a result of other factors (pathway OF1; fig. 8 and table 7).

The thresholds and decision criteria used to classify 
pesticide compounds into tiers for sediment were intention-
ally conservative, resulting in a relatively large number of 
Tier 1 compounds, 175 in total. These compounds could be 
prioritized within the group according to program objectives, 
such as trends focusing on legacy PBTs, characterization of 
sediment toxicity, pesticide fate in sediments, or occurrence 
of current high-use pesticide compounds. The thresholds and 
decision criteria used in the prioritization procedure can be 
modified in order to focus on the highest priority compounds 
for a given objective. For example, a focus on trends of PBTs 
in sediment could give higher priority to pesticide compounds 
that are the most stable, hydrophobic, and toxic. Modifying the 
thresholds for these three parameters, as shown in table 9 for 
example, would identify a higher priority group within Tier 1 
with respect to this objective. Collectively, if these thresholds 
were modified as shown in table 9, there would be 107 higher 
priority pesticide compounds within Tier 1 for sediment, and 
39 percent of Tier 1 compounds would be lower priority.

The distribution of Tier 1 pesticide compounds for sedi-
ment by pesticide-use group is shown in figure 9. As with 
water, Tier 1 for sediment includes compounds from the major 
pesticide-use groups. The largest single group accounts for 
45 percent of the total and is composed of insecticides, includ-
ing acaricides, and degradates. An additional 36 percent are 
herbicides, including defoliants and plant-growth regulators, 
and their degradates, and fungicides and degradates round out 
the remaining 19 percent of Tier 1 compounds (fig. 9). Col-
lectively, pesticide degradates make up almost 30 percent of 
Tier 1 compounds, and three-quarters of those were included 
in Tier 1 because of their parent pesticide. The pesticide type, 
use group, for each Tier 1 compound is shown in table 7. 

Tier 1 compounds for sediment are represented by a 
wide range of chemical classes—about 30 unique classes in 
all. Organochlorines and their degradates compose the largest 
group of Tier 1 compounds at 17 percent; other groups include 
azoles at 13 percent, anilines and anilides at 10 percent, and 
pyrethroids at 9 percent (fig. 10).
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Some of the Tier 1 pesticide compounds for sediment are 
included in national regulatory or other programs that are not 
necessarily sediment-specific. These include six compounds 
that are listed as USEPA Toxics Release Inventory PBT chemi-
cals, and fifteen that are listed as bioaccumulative chemicals 
of concern in the Great Lakes (USEPA Great Lakes Initiative; 
table 7). A total of nineteen Tier 1 compounds have at least 
one sediment benchmark for aquatic organisms. Additionally, 
22 compounds are listed on the AAPCO SFIREG state list of 
pesticides of water-quality concern. And finally, seven com-
pounds are USEPA high production volume (HPV) chemicals 
(table 7).

Of the 175 compounds in Tier 1 for sediment,  
45 percent are very highly toxic to aquatic organisms (as 
defined by USEPA, http://www.epa.gov/oppefed1/ecorisk_
ders/toera_analysis_eco.htm); these correspond to compounds 
in AL Toxicity Bin 1 (appendix 4). An additional 32 percent 
are in AL Toxicity Bin 2. Together, more than three-quarters of 

Tier 1 pesticide compounds were classified as “high” toxicity 
as defined for this evaluation (fig. 3 and appendix 4).

Other Important Compounds for Sediment–Tier 2
An additional 68 pesticide compounds did not meet the 

criteria for Tier 1, but were categorized as Tier 2 (moder-
ate priority). Of these 68 pesticide compounds, only 3 were 
categorized as such on the basis of moderate measured occur-
rence (pathways P6a and P6b), whereas 46 compounds were 
included on the basis of predicted likelihood for occurrence in 
sediment but have low, or unknown, toxicity or no current use 
(pathways P8a and P8b; fig. 3 and table 2). Another 19 com-
pounds had other factors that elevated them from low priority 
(Tier 3) or downgraded them from high priority (Tier 1), or 
were degradates of parent pesticide compounds in the same 
tier.

sac11-0422_fig 08

P1 

P2 

DEG

P4

EXPLANATION

175 Tier 1 compounds

Pathways to Tier 1 (number of compounds). See figure 3 and table 2 for further details about pathways.

  P1 (36) - detection frequency greater than 10 percent

  P2 (26) - detection frequency greater than 1 to 10 percent, moderate to high aquatic toxicity, and current use or half life greater than 1 year

  P4 (72) - potential to occur in sediment, moderate to high aquatic toxicity, and current use or half life greater than 1 year

  P5 (2) - potential to occur in sediment, low aquatic toxicity, but high or increasing use

  DEG (38) - degradate of Tier 1 parent compound

  OF (1) - other factors

OF

P5

Predicted
occurrence

(P4 and P5 combined)
42 percent

Degradates or
Other Factors

(DEG and OF combined) 
22 percent

Measured occurrence
(P1 and P2 combined)
 35 percent

Figure 8.  Breakdown of Tier 1 pesticide compounds for sediment by reason for high priority.

http://www.epa.gov/oppefed1/ecorisk_ders/toera_analysis_eco.htm
http://www.epa.gov/oppefed1/ecorisk_ders/toera_analysis_eco.htm
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sac11-0422_fig 09
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Figure 9.  Distribution of Tier 1 pesticide compounds for sediment among pesticide-use groups.

Table 9.  Example of modifying thresholds for three prioritization criteria for sediment.

[Abbreviations: AL, aquatic-life; Kow, octanol-water partition coefficient; >, greater than]

Parameter Current threshold Modified threshold
Number of compounds that do 
not meet modified threshold

Stability Aerobic soil half-life >30 days Aerobic soil half-life >60 days 19
Hydrophobicity log Kow >3 log Kow >4 27
Aquatic toxicity AL Toxicty Bin = 1 or 2 (or exceeds 

sediment benchmarks)
AL Toxicity Bin = 1 only (or exceeds 

sediment benchmarks)
51
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Comparison of Tier 1 Compounds for Both Water 
and Sediment

A total of 65 parent pesticide compounds, as well as 4 
related compounds, overlap Tier 1 for both water and sedi-
ment: 26 are herbicides, 13 are fungicides, and 26 are insecti-
cides. These compounds are listed in table 10 with the reasons 
for their Tier 1 status; the compounds can be broken down into 
four groups according to the basis for their Tier 1 status:

1.	Twenty compounds are included on the basis of 
measured BQ or detection frequency in water, 
and measured detection frequency, as well as, 
for some compounds, toxicity and use, in sedi-
ment. These compounds correspond to sediment 
pathways P1 and P2 (fig. 3 and table 2). Some 
of these compounds also qualify for Tier 1 for 
water because of predicted BQs.

2.	Twelve compounds are included on the basis of 
measured BQ or detection frequency in water, 
and predicted likelihood of occurrence in sedi-
ment, along with toxicity and use (sediment 
pathways P4 and OF1—one compound). Some 
of these compounds also qualify for Tier 1 for 
water because of predicted BQs.

3.	Thirteen compounds are included on the basis of 
predicted BQ in water, and measured detection 
frequency in sediment, as well as, for some 
compounds, toxicity and use. These compounds 
correspond to sediment pathways P1 and P.

4.	Twenty compounds are included on the basis of 
predicted BQ in water, and predicted likelihood 
of occurrence in sediment, along with toxicity 
and use (sediment pathway P4).

sac11-0422_fig 10

Azoles
(22)

Anilines and
anilides
(17)

Acetanilides
(11)

Pyridines, Pyrimidines and 
Pyridazinones (8)

Triazines (6)

Botanicals (5)

Carbamates (5)

Organotins and inorganics (4)

Polychlorinated aromatics (4)

Pyrethroids
(16)Organophosphates

(12)

Other
(23)

Organochlorines
(30)

Aliphatics 
Amides

Benzoic acids
Diphenyl ether and bridged diphenyl

(3 in each)

EXPLANATION

175 Tier 1 compounds

The number of compounds in each class 
is in parentheses.

Chemical classes with 2 or fewer 
compounds are aggregated to “Other”.

Figure 10.  Breakdown of Tier 1 pesticide compounds for sediment by chemical class.
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The two largest groups of compounds are those that 
were classified as Tier 1 because of measured occurrence in 
both water and sediment (group 1) and those classified as 
such because of predicted concentrations (BQs) in water and 
predicted likelihood of occurrence in sediment (group 4). 
Pesticide compounds that are moderately hydrophobic can be 
expected to occur in both water and sediments, to some extent. 
Conservative thresholds and assumptions were built into the 
prioritization procedures for both water and sediment, includ-
ing the use of a BQ threshold of greater than 0.01 for water 
(fig. 2), the thresholds for persistence (soil half-life greater 

than 30 days) and hydrophobicity (log Kow greater than 3 or 
water solubility less than 1 mg/L) for sediment, and the desig-
nation of AL Toxicity Bin 2 as “high” toxicity in the screening 
for sediment (fig. 3). For example, of the 20 compounds in 
group 4 with predicted BQs greater than 0.01 in water, 3 are 
moderately persistent, having a soil half-life greater than 30, 
but less than 60 days; 4 are moderately hydrophobic, having a 
log Kow greater than 3, but less than 4; and 2 are in AL Toxic-
ity Bin 2 (table 10). These and other factors affect the Tier 1 
results and cause pesticide compounds to overlap between the 
matrices.

Table 10.  Summary of parent pesticide compounds co-listed in Tier 1 for water and sediment.—Continued

[The CAS Registry Number® is a registered trademark of the American Chemical Society. CAS recommends the verification of the CAS Registry Numbers 
through CAS Client ServicesSM. Abbreviations: BQ, benchmark quotient; CAS, Chemical Abstracts Service; DF, detection frequency; HL, half-life ; >, greater 
than; %, percent]

Chemical 
name

CAS 
Registry 
Number

Primary 
pesticide 

type

Water-reason 
for Tier 1

Sediment-reason 
for Tier 1

Combined 
basis for 

Tier 1 status 
group 1

Alachlor 15972-60-8 Herbicide Measured & 
predicted BQ, 
DF >10%

Measured DF 1 to 10%; toxicity and current 
use, or recent use and long soil HL

1

Atrazine 1912-24-9 Herbicide Measured & 
predicted BQ, 
DF >10%

Measured DF 1 to 10%; toxicity and current 
use, or recent use and long soil HL

1

Benfluralin 2 1861-40-1 Herbicide Predicted BQ Predicted to occur; toxicity and current use or 
recent use and long soil HL

4

Benomyl 17804-35-2 Fungicide Predicted BQ, 
DF >10%

Predicted to occur; toxicity and current use or 
recent use and long soil HL

2

Bifenthrin 82657-04-3 Insecticide Predicted BQ Measured DF >10% 3
Butralin 33629-47-9 Herbicide Predicted BQ Predicted to occur; toxicity and current use or 

recent use and long soil HL
4

Chlorothalonil 1897-45-6 Fungicide Measured & 
predicted BQ

Measured DF 1 to 10%; toxicity and current 
use, or recent use and long soil HL

1

Chlorpyrifos 2921-88-2 Insecticide Measured & 
predicted BQ, 
DF >10%

Measured DF >10% 1

cis-Permethrin 54774-45-7 Insecticide Measured BQ Measured DF >10% 1
cis-Propiconazole c60207-90-1 Fungicide DF >10% Predicted to occur; toxicity and current use or 

recent use and long soil HL
2

Cyfluthrin 68359-37-5 Insecticide Predicted BQ Measured DF 1 to 10%; toxicity and current 
use, or recent use and long soil HL

3

Cyhalothrin (lambda-
Cyhalothrin)

91465-08-6 Insecticide Predicted BQ Measured DF >10% 3

gamma-Cyhalothrin 76703-62-3 Insecticide Related 
compound

Measured DF >10% Related 
compound 
for water

Table 10.  Summary of parent pesticide compounds co-listed in Tier 1 for water and sediment.

[The CAS Registry Number® is a registered trademark of the American Chemical Society. CAS recommends the verification of the CAS Registry Numbers 
through CAS Client ServicesSM. Abbreviations: BQ, benchmark quotient; CAS, Chemical Abstracts Service; DF, detection frequency; HL, half-life ; >, greater 
than; %, percent]
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Table 10.  Summary of parent pesticide compounds co-listed in Tier 1 for water and sediment.—Continued

[The CAS Registry Number® is a registered trademark of the American Chemical Society. CAS recommends the verification of the CAS Registry Numbers 
through CAS Client ServicesSM. Abbreviations: BQ, benchmark quotient; CAS, Chemical Abstracts Service; DF, detection frequency; HL, half-life ; >, greater 
than; %, percent]

Chemical 
name

CAS 
Registry 
Number

Primary 
pesticide 

type

Water-reason 
for Tier 1

Sediment-reason 
for Tier 1

Combined 
basis for 

Tier 1 status 
group 1

Cypermethrin 52315-07-8 Insecticide Predicted BQ Measured DF 1 to 10%; toxicity and current 
use, or recent use and long soil HL

3

zeta-Cypermethrin 69865-47-0 Insecticide Related 
compound

Predicted to occur; toxicity and current use 
or recent use and long soil HL

Related 
compound 
for water

Dacthal 1861-32-1 Herbicide Measured BQ, 
DF >10%

Measured DF >10% 1

Diazinon 333-41-5 Insecticide Measured & 
predicted BQ, 
DF >10%

Measured DF 1 to 10%; toxicity and current 
use, or recent use and long soil HL

1

Dicofol 115-32-2 Insecticide Predicted BQ Predicted to occur; toxicity and current use or 
recent use and long soil HL

4

Dieldrin 60-57-1 Insecticide Measured BQ Measured DF >10% 1
Diquat 85-00-7 Herbicide Predicted BQ Predicted to occur; toxicity and current use or 

recent use and long soil HL
4

Disulfoton 298-04-4 Insecticide Measured & 
predicted BQ

Predicted to occur; toxicity and current use or 
recent use and long soil HL

2

Diuron 330-54-1 Herbicide Measured & 
predicted BQ, 
DF >10%

Persistent & marginally hydrophobic; toxicity; 
high use, agency priority

2

Endosulfan 115-29-7 Insecticide Predicted BQ Measured DF >10% 3
alpha-Endosulfan 959-98-8 Insecticide Related 

compound
Measured DF >10% Related 

compound 
for water

beta-Endosulfan 33213-65-9 Insecticide Related 
compound

Measured DF 1 to 10%; toxicity and current 
use, or recent use and long soil HL

Related 
compound 
for water

EPTC (S-Ethyl 
dipropylthiocarbamate)

759-94-4 Herbicide DF >10% Measured DF >10% 1

Esfenvalerate 66230-04-4 Insecticide Predicted BQ Measured DF >10% 3
Ethalfluralin 55283-68-6 Herbicide Measured & 

predicted BQ
Measured DF 1 to 10%; toxicity and current 

use, or recent use and long soil HL
1

Fenbutatin oxide 13356-08-6 Insecticide Predicted BQ Predicted to occur; toxicity and current use or 
recent use and long soil HL

4

Fenpropathrin 39515-41-8 Insecticide Predicted BQ Measured DF 1 to 10%; toxicity and current 
use, or recent use and long soil HL

3

Fentin hydroxide (TPTH, 
Triphenyltin hydroxide)

76-87-9 Fungicide/  
molluscicide/ 
herbicide

Predicted BQ Predicted to occur; toxicity and current use or 
recent use and long soil HL

4

Fipronil 120068-37-3 Insecticide Predicted BQ, 
DF >10%

Measured DF 1 to 10%; toxicity and current 
use, or recent use and long soil HL

1

gamma-HCH (gamma-
Hexachlorocyclohexane)

58-89-9 Insecticide Measured & 
predicted BQ

Measured DF >10% 1

Glyphosate 1071-83-6 Herbicide DF >10% Predicted to occur; toxicity and current use or 
recent use and long soil HL

2

Imazamox 114311-32-9 Herbicide Predicted BQ Predicted to occur; toxicity and current use or 
recent use and long soil HL

4

Iprodione 36734-19-7 Fungicide Predicted BQ Measured DF >10% 3
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Table 10.  Summary of parent pesticide compounds co-listed in Tier 1 for water and sediment.—Continued

[The CAS Registry Number® is a registered trademark of the American Chemical Society. CAS recommends the verification of the CAS Registry Numbers 
through CAS Client ServicesSM. Abbreviations: BQ, benchmark quotient; CAS, Chemical Abstracts Service; DF, detection frequency; HL, half-life ; >, greater 
than; %, percent]

Chemical 
name

CAS 
Registry 
Number

Primary 
pesticide 

type

Water-reason 
for Tier 1

Sediment-reason 
for Tier 1

Combined 
basis for 

Tier 1 status 
group 1

Kresoxim-methyl 3 143390-89-0 Fungicide Predicted BQ Predicted to occur; toxicity and current use or 
recent use and long soil HL

4

Metconazole 4 125116-23-6 Fungicide Predicted BQ Predicted to occur; toxicity and current use or 
recent use and long soil HL

4

Methoxychlor 72-43-5 Insecticide Predicted BQ Measured DF 1 to 10%; toxicity and current 
use, or recent use and long soil HL

3

Methoxy- 
fenozide 3

161050-58-4 Insecticide Predicted BQ Predicted to occur; toxicity and current use or 
recent use and long soil HL

4

Metolachlor 51218-45-2 Herbicide Measured &  
predicted BQ,  
DF >10%

Measured DF >10% 1

Myclobutanil 88671-89-0 Fungicide DF >10% Measured DF >10% 1
Novaluron 116714-46-6 Herbicide Predicted BQ Predicted to occur; toxicity and current use or 

recent use and long soil HL
4

Oryzalin 19044-88-3 Herbicide Measured & 
predicted BQ

Predicted to occur; toxicity and current use or 
recent use and long soil HL

2

Oxyfluorfen 42874-03-3 Herbicide Predicted BQ Measured DF >10% 3
Paraquat 4685-14-7 Herbicide Predicted BQ Predicted to occur; toxicity and current use or 

recent use and long soil HL
4

Parathion-methyl 298-00-0 Insecticide Measured & 
predicted BQ

Measured DF 1 to 10%; toxicity and current 
use, or recent use and long soil HL

1

Pendimethalin 40487-42-1 Herbicide Measured & 
predicted BQ, 
DF >10%

Measured DF >10% 1

Permethrin 52645-53-1 Insecticide Predicted BQ Measured DF >10% 3
Phorate 3 298-02-2 Insecticide Predicted BQ Predicted to occur; toxicity and current use or 

recent use and long soil HL
4

Prometryn 7287-19-6 Herbicide Predicted BQ, 
DF >10%

Measured DF >10% 1

Pronamide 23950-58-5 Herbicide Measured & 
predicted BQ

Predicted to occur; toxicity and current use or 
recent use and long soil HL

2

Propargite 2312-35-8 Insecticide Measured & 
predicted BQ

Predicted to occur; toxicity and current use or 
recent use and long soil HL

2

Propiconazole 3,4 60207-90-1 Fungicide Predicted BQ Predicted to occur; toxicity and current use or 
recent use and long soil HL

4

Pymetrozine 2 123312-89-0 Insecticide Predicted BQ Predicted to occur; toxicity and current use or 
recent use and long soil HL

4

Pyraclostrobin 175013-18-0 Fungicide Predicted BQ Predicted to occur; toxicity and current use or 
recent use and long soil HL

4

Pyridaben 96489-71-3 Insecticide Predicted BQ Predicted to occur; toxicity and current use or 
recent use and long soil HL

4

S-Metolachlor 87392-12-9 Herbicide Predicted BQ Measured DF >10% 3
Tebuconazole 107534-96-3 Fungicide DF >10% Predicted to occur; toxicity and current use or 

recent use and long soil HL
2

Tebupirimfos 96182-53-5 Insecticide Predicted BQ Predicted to occur; toxicity and current use or 
recent use and long soil HL

4

Tefluthrin 2 79538-32-2 Insecticide Predicted BQ Predicted to occur; toxicity and current use or 
recent use and long soil HL

4

Terbuthylazine 5915-41-3 Herbicide DF >10% Measured DF 1 to 10%; toxicity and current 
use, or recent use and long soil HL

1
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1 The numbers (1–4) correspond to the groups describing the combined basis for water and sediment Tier 1 status, as further explained in the subsection 
“Comparison of Tier 1 Compounds for Both Water and Sediment” of the “Results and Discussion” section.

2 Moderately persistent–aerobic soil half-life greater than 30, but less than 60 days.
3 Moderately hydrophobic–log Kow greater than 3, but less than 4.
4 Aquatic-Life Toxicity Bin 2.

Summary and Conclusions
To meet the U.S. Geological Survey's (USGS) periodic 

need to prioritize contaminants for analytical methods devel-
opment for future monitoring and studies, a defined universe 
of pesticides and degradates were screened for their relative 
importance. The prioritization strategy described in this report 
identified high priority pesticides and degradates, both legacy 
compounds and current-use pesticides. Pesticide compounds 
with current agricultural-use data were evaluated to determine 
if they are anticipated to occur in the environment at concen-
trations of potential concern to aquatic organisms or humans, 
and if they should be considered for inclusion in analytical 
methods. In addition, pesticide compounds previously moni-
tored in USGS studies, either routinely or infrequently, were 
evaluated to determine if continued inclusion in analytical 
methods and monitoring are warranted on the basis of detec-
tion frequency or occurrence at concentrations of potential 
concern for aquatic life or human health.

Depending on their chemical structure and physical-
chemical properties, different pesticide compounds behave 
differently in the environment. To accommodate a broad 
range of pesticides, from water-soluble to hydrophobic, it was 
necessary to prioritize pesticide compounds for both water and 

Table 10.  Summary of parent pesticide compounds co-listed in Tier 1 for water and sediment.—Continued

[The CAS Registry Number® is a registered trademark of the American Chemical Society. CAS recommends the verification of the CAS Registry Numbers 
through CAS Client ServicesSM. Abbreviations: BQ, benchmark quotient; CAS, Chemical Abstracts Service; DF, detection frequency; HL, half-life ; >, greater 
than; %, percent]

Chemical 
name

CAS 
Registry 
Number

Primary 
pesticide 

type

Water-reason 
for Tier 1

Sediment-reason 
for Tier 1

Combined 
basis for 

Tier 1 status 
group 1

Tetraconazole 112281-77-3 Fungicide Predicted BQ Measured DF >10% 3
Thiobencarb 28249-77-6 Herbicide Measured & 

predicted 
BQ

Measured DF 1 to 10%; toxicity and current 
use, or recent use and long soil HL

1

trans-Propiconazole t60207-90-1 Fungicide DF >10% Predicted to occur; toxicity and current use or 
recent use and long soil HL

2

Triallate 2303-17-5 Herbicide Measured BQ Predicted to occur; toxicity and current use or 
recent use and long soil HL

2

Tribuphos 78-48-8 Defoliant Predicted BQ Predicted to occur; toxicity and current use or 
recent use and long soil HL

4

Triclopyr 55335-06-3 Herbicide Measured & 
predicted BQ

Predicted to occur; toxicity and current use or 
recent use and long soil HL

2

Trifluralin 1582-09-8 Herbicide Measured & 
predicted BQ, 
DF >10%

Measured DF >10% 1

sediment. Separate screening procedures were used for water 
and sediment because more data on occurrence and toxicity 
are available for pesticides in water than sediment; prediction 
tools were available to predict pesticide concentrations  
in streams and groundwater; and analytical methods are 
medium-specific. The approaches considered measured occur-
rence through detection frequency and concentrations in water 
and sediment; predicted concentrations in water and predicted 
likelihood of occurrence in sediment; potential toxicity to 
aquatic life and humans; and priorities of other agencies or 
organizations, regulatory or otherwise.

The screening procedures used here are systematic, 
objective, and semi-quantitative; they rely on concepts com-
mon to many previously established approaches for prioritiz-
ing chemicals for various purposes, including identifying 
persistent, bioaccumulative, and toxic (PBT) compounds and 
determining candidates for future regulation of drinking water 
contaminants. The evaluation of pesticide compounds for 
analytical methods development priority resulted in classifica-
tion of compounds, separately for water and sediment, into 
three priority tiers: Tier 1 for high priority compounds, Tier 2 
for moderate priority compounds, and Tier 3 for low priority 
compounds.
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For water, a total of 247 pesticide compounds were clas-
sified as Tier 1 and are high priority for inclusion in analytical 
methods available for monitoring and studies. About half of 
the Tier 1 compounds are high priority because they can reach 
concentrations approaching those that may be of potential con-
cern to human health, aquatic life, or both; 17 percent because 
they were frequently detected in past water-quality monitor-
ing studies; and 11 percent because they met both criteria. 
The remaining 21 percent were degradates that were included 
because their parent pesticides were in Tier 1.

Tier 1 pesticide compounds for water span the major 
pesticide-use groups, with herbicides and their degradates 
composing half of all Tier 1 compounds, and insecticides  
and their degradates making up an additional 38 percent. 
Overall, degradates from all use groups combined composed 
40 percent of Tier 1 compounds. In terms of chemical class, 
organophosphates are most commonly represented, followed 
by acetanilides, triazines, and carbamates.

Many of the highest priority pesticide compounds are 
included in several national regulatory programs for water 
quality, including those that are regulated in drinking water by 
the Safe Drinking Water Act, and those that are on the third 
Contaminant Candidate List. Two compounds, dieldrin and 
p,pʹ-DDE, that have U.S. Environmental Protection Agency 
(USEPA) National Recommended Water Quality Criteria for 
aquatic life, are high priority for both aquatic-life and human-
health reasons. Although USEPA Office of Pesticide Programs 
(OPP) aquatic-life benchmarks are not regulatory standards 
at the federal level, more than 30 percent of the Tier 1 com-
pounds were classified as such on the basis of aquatic-life 
benchmark quotients calculated from these OPP benchmarks; 
some of these compounds also can be high priority for  
human-health reasons. 

For sediment, 175 pesticides and degradates are in Tier 
1 and are high priority for inclusion in analytical methods 
available for monitoring and studies. About 36 percent of the 
Tier 1 pesticide compounds are high priority on the basis of 
measured occurrence. This includes 36 compounds that were 
frequently detected in USGS monitoring studies, having a 
detection frequency greater than 10 percent, and 26 com-
pounds that had a combination of moderate occurrence, that 
is a detection frequency from 1 to 10 percent, and either high 
potential toxicity to aquatic life or high pesticide use, or both. 
Another 42 percent, or 74 compounds, are high priority on 
the basis of predicted likelihood of occurrence and either high 
potential toxicity to aquatic life or high pesticide use, or both. 
The remaining 22 percent, or 39 compounds, are in Tier 1 
because they are degradates of Tier 1 parent compounds or 
because of other factors.

The Tier 1 pesticide compounds for sediment are dis-
tributed among pesticide use-groups, with the largest group 

composed of insecticides and their degradates at 45 percent. 
An additional 36 percent of Tier 1 is represented by herbicides  
and their degradates, with fungicides and their degradates 
rounding out the remaining 19 percent. Collectively, about 
30 percent of Tier 1 compounds for sediment are pesticide 
degradates. The chemical class composing the largest percent-
age of Tier 1 compounds in sediment are organochlorines  
at 17 percent, which is expected because persistent  
organochlorine pesticides and their degradates continue to be 
detected widely in sediments, and many are potentially toxic 
to aquatic life.

Some of the Tier 1 pesticide compounds for sediment are 
included in national regulatory or other programs, not neces-
sarily sediment-specific, including PBT chemicals that are on 
USEPA’s Toxics Release Inventory or are of concern in the 
Great Lakes. A total of 19 Tier 1 compounds have at least one 
sediment benchmark or screening value for aquatic organisms. 
Of the 175 compounds in Tier 1, 78, or 45 percent, have high 
aquatic-life toxicity, as defined for this evaluation. 

The prioritization of pesticides and degradates resulted 
in two lists of high-priority compounds for water and sedi-
ment. These lists will be used as the basis for redesigning and 
enhancing USGS analytical capabilities for pesticides in order 
to capture as many high-priority pesticide compounds as pos-
sible using an economically feasible approach. These com-
pounds either have been measured or are predicted to occur in 
water or sediment at defined thresholds. Detection-frequency 
thresholds were applied to capture compounds that frequently 
occur and persist in the environment because tracking trends 
in contaminant occurrence over time has been an important 
objective of the National Water-Quality Assessment Program. 
For both water and sediment, indicators of likely occurrence, 
toxicity, and high use were combined to capture those com-
pounds most likely to be present at potentially toxic concentra-
tions. For water, where availability of models made it possible 
to estimate predicted concentrations, concentration thresholds 
relative to individual benchmark values for aquatic life and 
human health were used in a conservative manner to give high 
priority to pesticide compounds that have occurred, or have 
the potential to occur, in water at concentrations approach-
ing those of concern to aquatic organisms or humans. For 
sediment, where predicted concentrations were not available, 
Tier 1 compounds met thresholds for stability, hydrophobic-
ity (or sorption), and either aquatic toxicity or use rates, or 
both. The Tier 1 pesticide compounds for water and sediment 
represent pesticides and their degradates that are likely to be 
high priority for future monitoring programs and studies, and 
which will need to be supported by the availability of analyti-
cal methods capable of detecting these compounds at environ-
mentally-relevant concentrations in matrices of interest.
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Appendix 1. 

Physical-Chemical Properties Used in the Evaluation of Pesticide Compounds for Analytical 
Methods Development for Water and Sediment   

Table 1–1. Physical-chemical property values and sources used for prioritization of pesticide compounds in water and sediment.  (This 
table is available in a Microsoft Excel workbook, which can be dowloaded from http://pubs.usgs.gov/sir/2012/5045/). 
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The Persistence Score is based on the following two data 
elements: (1) estimated biodegradation time as predicted by 
the Ultimate Survey Model (USM) of Biodegradation and 
(2) estimated probability of rapid biodegradation as predicted 
by the Nonlinear Model of Probability of Rapid Biodegrada-
tion. Output for both models is provided simultaneously using 
the BIOWIN biodegradation probability model, which is an 
estimation software program created by Syracuse Research 
Corporation (SRC) that is part of the U.S. Enviromental Pro-
tection Agency’s (USEPA) EPI Suite™ program, that calcu-
lates the probability that an organic chemical will biodegrade 
rapidly under aerobic conditions (U.S. Environmental Protec-
tion Agency, 2009). A free Windows version of EPI Suite is 
available from USEPA at http://www.epa.gov/oppt/exposure/
pubs/episuite.htm. 

The Persistence Score (1 = low, 2 = medium, 3 = high) 
was determined using the threshold (binning) approach 
adapted from USEPA’s Waste Minimization Prioritization Tool 
document (U.S. Environmental Protection Agency, 1997), 
provided in table 2–1.

Table 2–1.  Thresholds for determining the persistence score 
(U.S. Environmental Protection Agency, 1997).

Ultimate survey 
model of 

biodegradation

Nonlinear model 
probability of rapid 

biodegradation

Persistence 
Score

≤ 2 – High (3)
> 2 to ≤ 3 – Medium (2)
> 3 to ≤ 4 < 0.5 Medium (2)

≥ 0.5 Low (1)
> 4 – Low (1)

USM estimates the approximate amount of time needed 
for complete biodegradation of a chemical in typical water and 
soil environments. USM was created using the survey results 
from 17 experts who ranked 200 organic chemicals on their 
estimated rates of primary degradation (loss of parent chemi-
cal identity) and ultimate degradation (conversion to CO2 and 
H2O). The experts assigned an estimated ultimate biodegrada-
tion time (order of magnitude approximation) for each chemi-
cal as follows:

•	 “1” longer than several months

•	 “2” months

•	 “3” weeks

•	 “4” days

•	 “5” hours
Counts of the frequency of occurrence of 36 structural 

fragments also were completed as part of the USM. Multiple 

linear regressions were performed with the mean scores (1 to 
5, as designated previously) as dependent variables and the 
structural fragment counts and molecular weights as inde-
pendent variables. The USM model calculates the numerical 
biodegradability “score” for a contaminant, and this number 
is then related into hours, days, weeks, etc. for interpretation. 
The persistence score approach designates chemicals with 
USM scores greater than 2 but less than or equal to 3, cor-
responding to weeks to months, as medium for persistence, 
but uses a second model, the Nonlinear Probability Model, 
to choose between low and medium persistence scores when 
the USM prediction is in the range greater than 3 but less 
than or equal to 4, corresponding to days to weeks. If the 
Nonlinear Probability Model estimates that the probability of 
rapid biodegradation is low (for example, less than 0.5), then 
the approach scores persistence as medium rather than low 
(table 2–1). The Nonlinear Probability Model of Biodegrada-
tion generates an estimate of the probability of rapid biodeg-
radation using a file of evaluated biodegradation data for more 
than 800 organic contaminants.
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Aquatic-Life and Human-Health Benchmarks Used in the Evaluation of Pesticides for Water 
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Appendix 5. 

Concentration Statistics for 83 Pesticide Compounds Sampled in Agricultural and Urban Land-Use 
Streams Over a 1-Year Period from the National Water-Quality Assessment (NAWQA) Program 
Monitoring Studies, 1993–2000 
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Summary of the Multi-Compound Watershed Regressions for Pesticides (WARP) Model 
Methodology 
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Larson and others (2004) developed and applied regres-
sion models for predicting atrazine concentration statistics in 
streams. These Watershed Regressions for Pesticides (WARP) 
use nationally and readily available watershed characteristics 
and atrazine use intensity (kilograms per square kilometer) 
within the watersheds as explanatory variables to facilitate 
model extrapolation to unmonitored streams. Stone and Gil-
liom (2009) updated the WARP models to incorporate updated, 
annually variable atrazine use and precipitation information. 
The WARP atrazine models have the form of equation 1 and 
coefficients for the model variables are listed in table 6-1.

      log Concentration  = UI + log R

+ K+ WA +

10 10

1/4

1/2

( ) ( )


f

  PERDUN + PRECIP

where
UI = atrazine-use intensity, or the a

]

nnnual
agricultural use in a watershed
in kilograms divided bby the
watershed area in square kilometers;

R = rainfall erosiivity factor R-factor  
from Universal Soil Loss Equation

( )
  

USLE
K = soil erodibility factor K-factor   

from USLE;
WA

( )
( )

;

== area of the watershed in square kilometers;
PERDUN = percenttage of total stream flow derived 

from Dunne overland floww; and
PRECIP = total precipitation for May and June

in millimmeters.

 (1)

Pesticide properties influence their transport to streams. 
Direct use of the atrazine WARP models to predict concentra-
tions of other pesticides in streams will be affected by differ-
ences between atrazine properties and those of other pesti-
cides. For pesticides that have properties that make them less 
mobile than atrazine in surface runoff, the direct application 
of the atrazine WARP models will consistently over-predict 
concentrations in streams. 

To support the pesticide prioritization effort, non-atrazine 
pesticide concentrations can be predicted using the WARP 
models by substituting the use intensity of the pesticides of 

interest and adjusting the predicted concentrations based on 
the properties of the pesticides (Charles G. Crawford, U.S. 
Geological Survey, written commun., 2009). The surface water 
mobility index (SWMI) attempts to quantify pesticide mobil-
ity through use of the soil degradation half-life and organic 
carbon sorption coefficient (Chen and others, 2002). Vapor 
pressure also influences transport, in that pesticides with high 
vapor pressures have more potential to volatize, reducing the 
likelihood of direct transport to streams. In addition, pesticides 
with high vapor pressures may require application through soil 
incorporation, which reduces their availability for transport by 
surface runoff. 

The SWMI and vapor pressure values of the non-atrazine 
pesticides were incorporated in the WARP models as mul-
tiplicative factors that adjust the pesticide concentrations 
predicted by the atrazine WARP models (Charles G. Crawford, 
U.S. Geological Survey, written commun., 2009). The SWMI 
adjustment factor (SWMIAF) was calculated as shown in  
equation 2. 

	
SWMI = (SWMI /SWMI )

where
SWMI

AF pesticide atrazine

pestici

0 8692.

dde = surface water mobility index for a 

non-atrazine pesticiide, and
SWMI surface water mobility index 

for atr
atrazine =

aazine.

 (2)

The vapor pressure adjustment factor (VPAF) was  
calculated as shown in equation 3. If VPpesticide was less than 
VPatrazine, then VPAF was considered to be 1.

VP VP VP
871

where
VP vapor p

AF atrazine pesticide

atrazine

= ( )

=

/
.0 0

rressure of atrazine, and
VP vapor pressure of a npesticide = oon-atrazine 

pesticide.

	 (3)

Table 6–1.  Coefficients for variables in the annual mean and 95th percentile Watershed Regressions for Pesticides (WARP) models.

[Model variables are defined in equation 1]

Concentration 
statistic

Regression coefficients

Intercept UI1/4 log10R K WA1/2 PERDUN PRECIP

Annual mean –4.23 0.75 0.571 2.40 0.00046 –0.096 0.0022
95th percentile –4.01 0.71 0.665 2.89 0.00058 –0.091 0.0024
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The coefficients for the SWMI ratio (0.8691812) and 
the vapor pressure ratio (0.08713313) were estimated from 
the relation shown in equation 4 using uncensored observa-
tions for 30 pesticides (excluding atrazine) for which both 
estimated agricultural pesticide use and concentration data 
were available (table 6-2). Annual concentration statistics for 
these pesticides were calculated for one year of data from each 
of the WARP model-development stations to avoid any one 
station from having undue influence on the relation because of 
having multiple years of data. The years available for selection 
ranged from 1992 to 2003, and the year selection was based 
on the number of samples collected and the timing of sample 
collection in order to strengthen the calculation of the annual 
frequency distribution of pesticide concentrations in the 
streams. To optimize the estimation process, the uncensored 
observations were pooled across the various concentration sta-
tistics because of the limited amount of uncensored observa-
tions for the individual concentrations statistics. This pooling 
resulted in a total of 1,706 uncensored observations for the 
estimation process. Metolachlor contributed the most data 
to this pool (41 percent), which was followed by cyanazine 
(18 percent), acetochlor (13 percent), bentazon (6 percent), 
EPTC (5 percent), and triallate (3 percent); the remaining 
pesticides combined contributed 14 percent. Herbicides made 
up 96 percent of pooled uncensored observations. 

log Concentration log
1

Concentration
10 0observed predicted( ) = 


 




+ 

 coefficient  log

1
SWMI SWMISWMI pesticide atrazine×

0
/




+ 

 




  

coefficient  log
1

VP VP

wher

VP atrazine pesticide×
0

/

ee
Concentration observed concentration 

of pesticidobserved =
ee,

Concentration predicted concentration 
of pestipredicted =

ccide,
coefficient coefficient for SWMI 

ratio, and
coeff

SWMI =

iicient coefficient for vapor 
pressure ratioVP =

.

	
		  (4)

The WARP regression models will predict non-zero 
pesticide concentrations for streams with zero pesticide use 
intensity, which will contribute toward over prediction of 
stream concentrations for non-atrazine pesticides. The WARP 
models used in the pesticide prioritization effort were cor-
rected for this by subtracting predicted concentrations for zero 
use intensity from the predicted concentration according to 
equation 5. 

Concentration

Concentration  Concentrati
Corrected

Predicted

=

− oon   
SWMI  VP

where
Concentration pre

ZeroUse
AF AF

Corrected

( )

=

×
×

ddicted concentration for a 
pesticide corrected for zero 
usse intensity in the watershed,

Concentration predPredicted = iicted concentration for a 
pesticide based on 2 7 
agricul

00
ttural pesticide use 

intensity GfK Kynetec  
2 7  and

Con

( ,
),00

ccentration predicted concentration for a 
pesticide

ZeroUse =
  with use intensity 

equal to zero.

		
		  (5)

Table 6–2.  Pesticides used in estimating the adjustment factor coefficients for the adjusted atrazine Watershed Regressions for 
Pesticides (WARP) model.

Compound name

Acetochlor Chlorimuron ethyl Fonofos Pebulate Propiconazole
Acifluorfen Cyanazine Linuron Phorate Terbacil
Bentazon EPTC (S-Ethyl dipropylthiocarbamate) Methomyl Pronamide Terbufos
Bromoxynil Ethalfluralin Metolachlor Propachlor Thiobencarb
Butylate Ethoprop Nicosulfuron Propanil Triallate
Carbofuran Fluometuron Oxamyl Propargite Trifluralin
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Appendix 7. 

Detection Frequencies in Agricultural and Urban Streams and Groundwater from the National  
Water-Quality Assessment (NAWQA) Program Monitoring Studies, 1993–2006
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Table 8–1.  Concentration statistics for 83 pesticide compounds sampled in agricultural, urban, and mixed land-use groundwater 
networks from the National Water-Quality Assessment (NAWQA) Program monitoring studies, 1993–2003.—Continued

[The CAS Registry Number® is a registered trademark of the American Chemical Society. CAS recommends the verification of the CAS Registry Numbers 
through CAS Client ServicesSM. Concentration statistics were determined for agricultural, urban, and mixed land-use wells using the methods of Stackelberg 
(2006). Abbreviations: CAS, Chemical Abstracts Service; LT-MDL, long-term method detection level; µg/L, micrograms per liter; <, less than]

Chemical name
Parameter 

code

CAS 
Registry 
Number

Maximum 
LT-MDL 
(µg/L)

Groundwater

Agricultural Urban Mixed

Number 
of 

samples

99th  
percentile 

concentration 
(µg/L)

Number 
of 

samples

99th 
percentile 

concentration 
(µg/L)

Number 
of 

samples

99th 
percentile 

concentration 
(µg/L)

2,4,5-T (2,4,5-Trichloro-
phenoxyacetic acid)

39742 93-76-5 0.04  1,158 <0.04 607 <0.04  1,446 <0.04

2,4,5-TP 
(2-[2,4,5-Trichloro-
phenoxy]propionic 
acid)

39762 93-72-1 0.03  1,158 <0.03 607 <0.03  1,446 <0.03

2,4-D 
(2,4-Dichlorophenoxy 
acetic acid)

39732 94-75-7 0.08  1,206 <0.08 665 <0.08  1,568 <0.08

2,4-DB (4-[2,4-Dichloro-
phenoxy]butyric acid)

38746 94-82-6 0.13  1,184 <0.13 665 <0.13  1,536 <0.13

2,6-Diethylaniline 82660 579-66-8 0.003  1,402 0.002 855 <0.003  2,730 <0.003
3-Hydroxycarbofuran 49308 16655-82-6 0.05  1,186 <0.05 662 <0.05  1,569 <0.05
Acetochlor 49260 34256-82-1 0.003  920 <0.003 666 <0.003  2,266 <0.003
Acifluorfen 49315 50594-66-6 0.04  1,185 <0.04 665 <0.04  1,571 <0.04
Alachlor 46342 15972-60-8 0.002  1,401 0.014 854 <0.002  2,729 <0.002
Aldicarb 49312 116-06-3 0.1  1,187 <0.1 663 <0.1  1,573 <0.1
Aldicarb sulfone 49313 1646-88-4 0.1  1,173 <0.1 653 <0.1  1,544 <0.1
Aldicarb sulfoxide 49314 1646-87-3 0.14  1,174 <0.14 653 <0.14  1,547 <0.14
alpha-HCH (alpha-

Hexachloro-
cyclohexane)

34253 319-84-6 0.002  1,402 <0.002 855 <0.002  2,729 <0.002

Atrazine 39632 1912-24-9 0.004  1,406 1.2 851 0.553  2,730 0.28
Azinphos-methyl 82686 86-50-0 0.02  1,399 <0.02 852 <0.02  2,728 <0.02
Benfluralin 82673 1861-40-1 0.005  1,402 <0.005 854 <0.005  2,729 <0.005
Bentazon 38711 25057-89-0 0.03  1,204 0.91 665 0.08  1,568 0.06
Bromacil 04029 314-40-9 0.04  1,213 1.83 663 0.194  1,575 <0.04
Bromoxynil 49311 1689-84-5 0.03  1,181 <0.03 665 <0.03  1,569 <0.03
Butylate 04028 2008-41-5 0.001  1,401 <0.001 854 <0.001  2,729 <0.001
Carbaryl 82680 63-25-2 0.021  1,401 <0.021 854 0.007  2,729 <0.021
Carbofuran 82674 1563-66-2 0.01  1,404 0.017 853 <0.01  2,727 <0.01
Chloramben methyl 61188 7286-84-2 0.11  1,187 <0.11 665 <0.11  1,580 <0.11
Chlorothalonil 49306 1897-45-6 0.07  1,187 <0.07 660 <0.07  1,574 <0.07
Chlorpyrifos 38933 2921-88-2 0.003  1,402 <0.003 852 <0.003  2,727 <0.003
cis-Permethrin 82687 54774-45-7 0.003  1,402 <0.003 854 <0.003  2,728 <0.003
Clopyralid 49305 1702-17-6 0.21  1,178 <0.21 662 <0.21  1,569 <0.21
Cyanazine 04041 21725-46-2 0.009  1,404 0.007 853 <0.009  2,729 <0.009
Dacthal 82682 1861-32-1 0.002  1,402 0.001 854 <0.002  2,730 <0.002
Dacthal monoacid 49304 887-54-7 0.04  1,179 <0.04 635 <0.04  1,568 <0.04
Deethylatrazine 04040 6190-65-4 0.003  1,404 0.68 851 0.229  2,726 0.222
Diazinon 39572 333-41-5 0.003  1,400 <0.003 853 0.004  2,728 0.004

Table 8–1.  Concentration statistics for 83 pesticide compounds sampled in agricultural, urban, and mixed land-use groundwater 
networks from the National Water-Quality Assessment (NAWQA) Program monitoring studies, 1993–2003.

[The CAS Registry Number® is a registered trademark of the American Chemical Society. CAS recommends the verification of the CAS Registry Numbers 
through CAS Client ServicesSM. Concentration statistics were determined for agricultural, urban, and mixed land-use wells using the methods of Stackelberg 
(2006). Abbreviations: CAS, Chemical Abstracts Service; LT-MDL, long-term method detection level; µg/L, micrograms per liter; <, less than]
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Table 8–1.  Concentration statistics for 83 pesticide compounds sampled in agricultural, urban, and mixed land-use groundwater 
networks from the National Water-Quality Assessment (NAWQA) Program monitoring studies, 1993–2003.—Continued

[The CAS Registry Number® is a registered trademark of the American Chemical Society. CAS recommends the verification of the CAS Registry Numbers 
through CAS Client ServicesSM. Concentration statistics were determined for agricultural, urban, and mixed land-use wells using the methods of Stackelberg 
(2006). Abbreviations: CAS, Chemical Abstracts Service; LT-MDL, long-term method detection level; µg/L, micrograms per liter; <, less than]

Chemical name
Parameter 

code

CAS 
Registry 
Number

Maximum 
LT-MDL 
(µg/L)

Groundwater

Agricultural Urban Mixed

Number 
of 

samples

99th  
percentile 

concentration 
(µg/L)

Number 
of 

samples

99th 
percentile 

concentration 
(µg/L)

Number 
of 

samples

99th 
percentile 

concentration 
(µg/L)

Dicamba 38442 1918-00-9 0.05  1,177 <0.05 665 <0.05  1,575 <0.05
Dichlobenil 49303 1194-65-6 0.05  1,160 <0.05 607 <0.05  1,453 <0.05
Dichlorprop 49302 120-36-5 0.06  1,184 <0.06 664 <0.06  1,576 <0.06
Dieldrin 39381 60-57-1 0.002  1,396 <0.002 843 0.055  2,728 <0.002
Dinoseb 49301 88-85-7 0.04  1,185 <0.04 665 <0.04  1,569 <0.04
Disulfoton 82677 298-04-4 0.011  1,405 <0.011 854 <0.011  2,730 <0.011
Diuron 49300 330-54-1 0.06  1,212 0.14 664 0.25  1,566 0.07
DNOC  

(4,6-Dinitro-o-cresol)
49299 534-52-1 0.13  1,155 <0.13 607 <0.13  1,446 <0.13

EPTC (S-Ethyl 
dipropylthiocarbamate)

82668 759-94-4 0.001  1,399 0.003 852 <0.001  2,725 <0.001

Ethalfluralin 82663 55283-68-6 0.005  1,401 <0.005 854 <0.005  2,728 <0.005
Ethoprop 82672 13194-48-4 0.002  1,401 <0.002 854 <0.002  2,728 <0.002
Fenuron 49297 101-42-8 0.03  1,187 <0.03 632 <0.03  1,567 <0.03
Fluometuron 38811 2164-17-2 0.03  1,217 <0.03 634 <0.03  1,575 <0.03
Fonofos 04095 944-22-9 0.001  1,401 <0.001 854 <0.001  2,729 <0.001
gamma-HCH 39341 58-89-9 0.002  1,397 <0.002 843 <0.002  2,728 <0.002
Linuron 82666 330-55-2 0.018  1,401 <0.018 854 <0.018  2,729 <0.018
Malathion 39532 121-75-5 0.014  1,403 <0.014 856 <0.014  2,732 <0.014
MCPA (2-Methyl-4-

chlorophenoxyacetic 
acid)

38482 94-74-6 0.1  1,179 <0.1 665 <0.1  1,576 <0.1

MCPB (4-[4-Chloro-
2-methylphenoxy]
butanoic acid)

38487 94-81-5 0.13  1,184 <0.13 665 <0.13  1,575 <0.13

Methiocarb 38501 2032-65-7 0.03  1,186 <0.03 634 <0.03  1,573 <0.03
Methomyl 49296 16752-77-5 0.24  1,174 <0.24 653 <0.24  1,537 <0.24
Metolachlor 39415 51218-45-2 0.006  1,405 0.466 856 0.029  2,729 0.031
Metribuzin 82630 21087-64-9 0.003  1,397 0.028 846 0.004  2,729 <0.003
Molinate 82671 2212-67-1 0.001  1,401 <0.001 854 <0.001  2,726 <0.001
Napropamide 82684 15299-99-7 0.003  1,400 <0.003 852 <0.003  2,729 <0.003
Neburon 49294 555-37-3 0.03  1,188 <0.03 635 <0.03  1,574 <0.03
Norflurazon 49293 27314-13-2 0.021  1,173 1.32 630 <0.021  1,552 <0.021
Oryzalin 49292 19044-88-3 0.14  1,170 <0.14 665 <0.14  1,492 <0.14
Oxamyl 38866 23135-22-0 0.08  1,172 <0.08 652 <0.08  1,542 <0.08
p,pʹ-DDE (p,pʹ-

Dichlorodiphenyl-
dichloroethylene)

34653 72-55-9 0.001  1,402 0.002 854 0.002  2,729 0.002

Parathion 39542 56-38-2 0.005  1,401 <0.005 854 <0.005  2,728 <0.005
Parathion-methyl 82667 298-00-0 0.003  1,399 <0.003 853 <0.003  2,718 <0.003
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Table 8–1.  Concentration statistics for 83 pesticide compounds sampled in agricultural, urban, and mixed land-use groundwater 
networks from the National Water-Quality Assessment (NAWQA) Program monitoring studies, 1993–2003.—Continued

[The CAS Registry Number® is a registered trademark of the American Chemical Society. CAS recommends the verification of the CAS Registry Numbers 
through CAS Client ServicesSM. Concentration statistics were determined for agricultural, urban, and mixed land-use wells using the methods of Stackelberg 
(2006). Abbreviations: CAS, Chemical Abstracts Service; LT-MDL, long-term method detection level; µg/L, micrograms per liter; <, less than]

Chemical name
Parameter 

code

CAS 
Registry 
Number

Maximum 
LT-MDL 
(µg/L)

Groundwater

Agricultural Urban Mixed

Number 
of 

samples

99th  
percentile 

concentration 
(µg/L)

Number 
of 

samples

99th 
percentile 

concentration 
(µg/L)

Number 
of 

samples

99th 
percentile 

concentration 
(µg/L)

Pebulate 82669 1114-71-2 0.002  1,402 <0.002 854 <0.002  2,728 <0.002
Pendimethalin 82683 40487-42-1 0.011  1,404 <0.011 854 <0.011  2,729 <0.011
Phorate 82664 298-02-2 0.006  1,404 <0.006 855 <0.006  2,730 <0.006
Picloram 49291 1918-02-1 0.04  1,166 <0.04 658 <0.04  1,545 <0.04
Prometon 04037 1610-18-0 0.007  1,405 0.169 855 0.485  2,731 0.031
Pronamide 82676 23950-58-5 0.002  1,401 <0.002 854 <0.002  2,728 <0.002
Propachlor 04024 1918-16-7 0.005  1,401 <0.005 854 <0.005  2,729 <0.005
Propanil 82679 709-98-8 0.005  1,400 <0.005 854 <0.005  2,728 <0.005
Propargite 82685 2312-35-8 0.011  1,403 <0.011 854 <0.011  2,716 <0.011
Propham 49236 122-42-9 0.11  1,188 <0.11 664 <0.11  1,577 <0.11
Propoxur 38538 114-26-1 0.06  1,177 <0.06 663 <0.06  1,565 <0.06
Simazine 04035 122-34-9 0.006  1,404 0.131 855 0.283  2,732 0.031
Tebuthiuron 82670 34014-18-1 0.008  1,405 0.018 854 0.113  2,720 0.032
Terbacil 82665 5902-51-2 0.017  1,398 <0.017 852 0.007  2,717 <0.017
Terbufos 82675 13071-79-9 0.009  1,405 <0.009 855 <0.009  2,729 <0.009
Thiobencarb 82681 28249-77-6 0.002  1,401 <0.002 854 <0.002  2,727 <0.002
Triallate 82678 2303-17-5 0.001  1,402 <0.001 854 <0.001  2,730 <0.001
Triclopyr 49235 55335-06-3 0.04  1,186 <0.04 664 <0.04  1,570 <0.04
Trifluralin 82661 1582-09-8 0.005  1,401 <0.005 854 <0.005  2,727 <0.005
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Summary of the Groundwater Regression for Pesticides Model Methodology
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Background

National models of atrazine occurrence in shallow 
groundwater were previously developed by Kolpin and others 
(2002) and Stackelberg and others (2006) to evaluate atrazine-
detection frequencies in well networks (typically 20–30 wells 
each) associated with NAWQA land-use studies (Gilliom and 
others, 2006). Explanatory variables whose values were aver-
aged across each study area were used to represent the natural 
setting, agricultural management practices, and atrazine-use 
intensity (kilograms per square kilometer). The model of 
Kolpin and others (2002) was developed from data on the 
occurrence of atrazine in shallow groundwater underlying 
agricultural and urban land-use settings, whereas the model 
of Stackelberg and others (2006) focused solely on atrazine 
occurrence in agricultural settings. Both models used ordinary 
least-squares regression methods to identify and quantify 
the effect of factors that were significantly correlated with 
atrazine-detection frequencies. Stackelberg and others (2006) 
then applied their model to predict the frequency with which 
atrazine would be detected in groundwater beneath unmoni-
tored agricultural settings across the conterminous United 
States.

More recently, the model of Stackelberg and others 
(2006) has been modified by using the summed concentration 
of atrazine and one of its degradates, deethylatrazine (DEA)—
rather than atrazine-detection frequencies—as the response 
variable (Paul E. Stackelberg, U.S. Geological Survey, written 
commun., 2011). The reason for using the sum of atrazine 
and DEA concentrations as the response variable, rather than 
the concentration of atrazine alone, was to capture as much 
information as possible on factors that control the transport 
and fate of atrazine-derived compounds in the subsurface. 
Three other major atrazine degradates—deisopropylatrazine, 
didealkylatrazine, and hydroxyatrazine—were considered, but 
not examined because of considerations related to analytical 
performance (Mark Sandstrom, U.S. Geological Survey, writ-
ten commun., 2011). A benefit of this newly developed model 
over previous national regression models is that it predicts 
concentrations rather than detection frequency, which can be 
directly compared to water-quality criteria.

Model Development

Measured atrazine and DEA concentrations in  
1,298 samples of shallow groundwater underlying 55 areas 
of regionally extensive combinations of agricultural land and 

hydrogeological conditions were used for model development. 
Because 52 percent of the atrazine and DEA concentrations 
were censored (deemed to be non-detections), a Tobit model, 
which provides parameter estimates for a censored linear 
model (Tobin, 1958; Judge and others, 1985), was used for 
development of the regression model as described in Larson 
and others (2004), Stone and others (2008), and Nowell and 
others (2009). The response variable represents the summed 
concentration of atrazine and DEA; therefore, the Tobit regres-
sion model used interval censoring (Helsel, 2005), whereby 
two values of the response variable are calculated for each 
sample—(1) a lower bound representing summed concentra-
tions on the assumption that censored values are equal to 
zero, and (2) an upper bound representing summed concen-
trations on the assumption that censored values are equal to 
their maximum long term-method detection level (LT-MDL). 
For example, the interval-censoring approach for a sample in 
which atrazine concentration is reported as 0.009 micrograms 
per liter (μg/L) and DEA is not detected (and reported as less 
than the max LT-MDL of 0.007 μg/L) computes total atrazine-
residue concentrations to be between 0.009 and 0.016 μg/L. 
When both atrazine and DEA concentrations were censored, 
the observation was considered to be left-censored at the sum 
of the max LT-MDLs (0.011 μg/L).

Potential explanatory variables for the model were 
screened through a stepwise, interval-censored Tobit regres-
sion procedure that used the Akaike Information Criterion 
(AIC) statistic to select variables. The AIC statistic balances 
the desire to explain as much variability as possible in the 
response variable (here, atrazine-residue concentration) with 
the practicality of including as few explanatory variables 
as possible (Helsel and Hirsch, 1992). Groups of explana-
tory variables were sequentially added prior to each step of 
the stepwise procedure, and variables were retained if their 
probability (p) values remained less than or equal to 0.25. A 
p-value of 0.25 was used at this stage of model development 
to ensure that all explanatory variables that might contribute 
significantly to a final model formulation would be considered. 
Remaining variables were dropped from further consideration 
if they were redundant (derived from the same ancillary data 
set), highly correlated with one another (correlation coefficient 
greater than 0.75), or dependent as indicated by a condition 
index near 30 and variance decomposition proportions greater 
than 0.5 (Belsley and others, 1980). In these cases, the variable 
with the lowest p-value was retained, and the redundant, cor-
related, or dependent variable(s) were eliminated from further 
consideration.
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The optimal model formulation was identified by maxi-
mizing pseudo-R2 (pR2) values (Laitila, 1993) and minimizing 
the scale parameter. The pR2 and scale parameter are alterna-
tives to the coefficient of determination (R2) and the standard 
deviation of the residual error, respectively, which are used in 
conventional least-squares analysis. As with conventional R2, 
the pR2 ranges from 0 to 1 and is an estimate of the percentage 
of the variation in the response variable that is explained by 
the regression model. Thus, a pR2 value of zero indicates that 
no variation is explained, and a value of unity indicates that 
100 percent of the variation is explained. The pR2 was calcu-
lated through methods described by Laitila (1993). Estimates 
of the standard deviation of the residual error from maximum-
likelihood methods provide only asymptotically unbiased 
estimates of the standard deviation of the residual error when 
estimated from sample data (Aitkin, 1981). These estimates, 
on average, underestimate the true standard deviation. The 
bias is a function of the sample size and degree of censoring 
and is expected to be minimal for models with low percent-
ages of censored observations. In this report, biased estimates 
of the standard deviation of the residual error are referred to as 
scale.

Before the final model formulation was established, all 
explanatory variables that had previously been dropped were 
reevaluated to confirm that they did not contribute signifi-
cantly (p-value less than 0.05, and model pR2 increased by 
1 percent or more) to the final model. Finally, each pairwise 
combination of explanatory variables in the final model was 
considered as a cross-product term to assess whether interac-
tion of explanatory variables contributed significantly to the 
final model.

The optimal model formulation (table 9–1) explains 
41 percent of the variability in the concentration of atrazine 
residues measured in shallow groundwater beneath agricul-
tural areas across the conterminous United States. Interaction 
between the variables artdrn (artificial drainage) and wtdep 
(depth to the seasonally high water table) was found to be 
significant and thus required that both variables remain in 
the final model formulation (Kleinbaum and Klein, 2002) 
despite an increase in the p-value for wtdep to greater than 
0.05 (table 9–1). The groundwater model has the form of 
equation 1.
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. .recharge airtemp

use   = the intensity, in kilograms per square 
kilometer, of attrazine applications 
for agricultural purposes in 500-meteer 
radial areas around each sampled well. 
Atrazine-use esttimates were based on 
unpublished proprietary-use data 
obttained from DMRKYNETEC, Inc. 
(Thelin and Stone, 2010); usee9200 
represents the average reported use 
for the years 19992 2000.

= the percentage of 1-square kilometer 
grid

−
artdrn

  cells with subsurface drains and 
graded ditches as repressented by 
conservation practices CP606, CP607, 
and/or CP6008 (U.S. Natural Resources 
Conservation Service, 1995).

wtddep = depth to the seasonally high water table 
in meters (Naatural Resources 
Conservation Service, 1994).

permepermin = aability of the least permeable soils 
layer in centimeters  per hour 
U.S. Natural Resources

Conservation Service, 19
(

994).
mean annual groundwater recharge in 

centimet
recharge =

eers per year  estimated from 
a base-flow analysis and mea

,
nn annual 

runoff as described in Wolock 
and modified

( )2003
  to include groundwater 

withdrawn for irrigation purposes  
(Karen Burow, U.S. Geological Survey,
written commun., Mayy 2009).

mean annual air temperature during 198 9airtemp = −0 77  
in degrees C (Thornton, 2003).
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Appendix 10. 

Summary of Occurrence of Pesticide Compounds in Bed Sediment from Agricultural, Urban, and 
Mixed Land-Use Streams Sampled by the National Water-Quality Assessment (NAWQA) Program, 
1992–2001
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Appendix 11. 

Summary of Occurrence of Pesticide Compounds in Lake Core Sediment from Urban and Reference 
Lakes Sampled Across the United States by the National Water-Quality Assessment (NAWQA) 
Program, 1992–2001
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Table 11–1.  Summary of occurrence of pesticide compounds 
in lake core sediment from urban and reference lakes sampled 
across the United States by the National Water-Quality 
Assessment (NAWQA) Program, 1992–2001.

[The CAS Registry Number® is a Registered Trademark of the American 
Chemical Society. CAS recommends the verification of the CAS Registry 
Numbers through CAS Client ServicesSM. Abbreviations: CAS, Chemical 
Abstracts Service]

Chemical name
CAS 

Registry 
Number

Number of 
samples

Detection 
frequency 

(in percent)

Aldrin 309-00-2 155 1.94
Chlordane 57-74-9 155 67.74
p,p′-DDD  

(p,pʹ-Dichlorodiphenyl-
dichloroethane)

72-54-8 155 72.90

p,p′-DDE  
(p,pʹ-Dichlorodiphenyl-
dichloroethylene)

72-55-9 155 92.26

p,p′-DDT  
(p,pʹ-Dichlorodiphenyl-
trichloroethane)

50-29-3 155 50.97

Dieldrin 60-57-1 155 44.52
Endosulfan I (alpha-

Endosulfan)
959-98-8 155 0.00

Endrin 72-20-8 144 0.00
Heptachlor 76-44-8 155 5.16
Heptachlor epoxide 1024-57-3 155 7.74
Lindane (gamma-

Hexachlorocyclohexane)
58-89-9 155 0.65

p,p′-Methoxychlor 72-43-5 144 2.78
Mirex 2385-85-5 144 4.17
Toxaphene 8001-35-2 144 0.00
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Appendix 12.

Summary of Occurrence of Legacy and Current-Use Pesticide Compounds in Stream Bed and 
Suspended Sediment from Agricultural and Urban Streams Sampled by the Toxics Program,  
2001–08
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Table 12–1.  Summary of occurrence of legacy and current-use pesticide compounds in 
stream bed and suspended sediment from agricultural and urban streams sampled by the U.S. 
Geological Survey Toxics Program, 2001–08.—Continued

[The CAS Registry Number® is a registered trademark of the American Chemical Society. CAS recommends 
the verification of the CAS Registry Numbers through CAS Client ServicesSM. Abbreviations: CAS, Chemical 
Abstracts Service]

Chemical name
CAS 

Registry 
Number

Number of 
samples

Detection 
frequency

(in percent)

3,4-Dichloroaniline 95-76-1 103 13.6
Alachlor 15972-60-8 157 1.3
Allethrin 584-79-2 79 0
alpha-Endosulfan (Endosulfan I) 959-98-8 78 17.9
Atrazine 1912-24-9 177 3.4
Azinphos-methyl 86-50-0 51 0
beta-Endosulfan (Endosulfan II) 33213-65-9 24 8.3
beta-HCH (beta-Hexachlorocyclohexane) 319-85-7 24 29.2
Bifenthrin 82657-04-3 260 41.9
Butylate 2008-41-5 130 0
Carbaryl 63-25-2 150 4.0
Carbofuran 1563-66-2 154 1.3
Chlorothalonil 1897-45-6 24 8.3
Chlorpyrifos 2921-88-2 214 32.7
cis-Chlordane (alpha-Chlordane) 5103-71-9 24 37.5
cis-Nonachlor 5103-73-1 24 12.5
Cyanazine 21725-46-2 54 0
Cycloate 1134-23-2 130 0
Cyfluthrin 68359-37-5 79 5.1
Cyhalothrin (lambda-Cyhalothrin) 91465-08-6 225 19.6
Cypermethrin 52315-07-8 143 3.5
Cyproconazole 94361-06-5 24 4.2
Dacthal (DCPA) 1861-32-1 208 21.6
delta-HCH 319-86-8 24 12.5
Deltamethrin 52918-63-5 79 0
Desulfinylfipronil (MB46513) not available 79 0
Diazinon 333-41-5 181 8.3
Dieldrin 60-57-1 24 91.7
Diethatyl 38727-55-8 24 0
EPTC (S-Ethyl dipropylthiocarbamate) 759-94-4 154 13.0
Esfenvalerate 66230-04-4 154 13.6
Ethalfluralin 55283-68-6 130 7.7
Fenpropathrin 39515-41-8 79 5.1
Fipronil 120068-37-3 93 1.1
Fipronil sulfide 120067-83-6 106 4.7
Fipronil sulfone 120068-36-2 91 3.3
Fluvalinate-tau 102851-06-9 87 3.4
Fonofos 944-22-9 54 0
gamma-HCH 58-89-9 24 16.7
Hexazinone 51235-04-2 159 1.3
Iprodione 36734-19-7 79 17.7
Malathion 121-75-5 157 0
Methidathion 950-37-8 157 0.6
Methoprene 40596-69-8 91 2.2

Table 12–1.  Summary of occurrence of legacy and current-use pesticide compounds in 
stream bed and suspended sediment from agricultural and urban streams sampled by the U.S. 
Geological Survey Toxics Program, 2001–08.

[The CAS Registry Number® is a registered trademark of the American Chemical Society. CAS recommends 
the verification of the CAS Registry Numbers through CAS Client ServicesSM. Abbreviations: CAS, Chemical 
Abstracts Service]



Appendix 12.    205

Table 12–1.  Summary of occurrence of legacy and current-use pesticide compounds in 
stream bed and suspended sediment from agricultural and urban streams sampled by the U.S. 
Geological Survey Toxics Program, 2001–08.—Continued

[The CAS Registry Number® is a registered trademark of the American Chemical Society. CAS recommends 
the verification of the CAS Registry Numbers through CAS Client ServicesSM. Abbreviations: CAS, Chemical 
Abstracts Service]

Chemical name
CAS 

Registry 
Number

Number of 
samples

Detection 
frequency

(in percent)

Metolachlor 51218-45-2 198 27.8
Molinate 2212-67-1 138 2.2
Myclobutanil 88671-89-0 24 12.5
Napropamide 15299-99-7 138 5.1
Oxyfluorfen 42874-03-3 162 30.2
p,pʹ-DDD (p,pʹ-Dichlorodiphenyl-dichloroethane) 72-54-8 248 40.3
p,pʹ-DDE (p,pʹ-Dichlorodiphenyl-dichloroethylene) 72-55-9 274 52.6
p,pʹ-DDT (p,pʹ-Dichlorodiphenyl-trichloroethane) 50-29-3 248 34.7
Parathion-methyl 298-00-0 157 6.4
PCNB (Pentachloronitrobenzene) 82-68-8 79 0
Pebulate 1114-71-2 130 3.8
Pendimethalin 40487-42-1 247 40.5
Pentachloroanisole (PCA) 1825-21-4 103 1.9
Permethrin (cis-Permethrin) 52645-53-1 140 36.4
Phosmet 732-11-6 103 0
Piperonyl butoxide 51-03-6 160 11.3
Prometryn 7287-19-6 194 22.2
Propiconazole 60207-90-1 24 8.3
Resmethrin 10453-86-8 127 5.5
Simazine 122-34-9 130 8.5
Sulfotepp 3689-24-5 27 0
Sumithrin 26002-80-2 79 0
Tefluthrin 79538-32-2 79 0
Terbuthylazine 5915-41-3 21 4.8
Tetraconazole 112281-77-3 24 87.5
Tetramethrin 7696-12-0 79 0
Thiobencarb 28249-77-6 144 6.9
trans-Chlordane (gamma-Chlordane) 5103-74-2 24 50.0
trans-Nonachlor 39765-80-5 24 20.8
Trifluralin 1582-09-8 214 44.9
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