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Pesticides in Groundwater in the Anacostia River
and Rock Creek Watersheds in Washington, D.C.,

2005 and 2008

By Michael T. Koterba, Cheryl A. Dieter, and Cherie V. Miller

Abstract

The U.S. Geological Survey (USGS), in cooperation
with the District Department of the Environment, conducted
a groundwater-quality investigation to (a) determine the pres-
ence, concentrations, and distribution of selected pesticides
in groundwater, and (b) assess the presence of pesticides in
groundwater in relation to selected landscape, hydrogeo-
logic, and groundwater-quality characteristics in the shallow
groundwater underlying the Anacostia River and Rock Creek
watersheds in Washington, D.C. With one exception, well
depths were 100 feet or less below land surface. The USGS
obtained or compiled ancillary data and information on land
use (2001), subsurface sediments, and groundwater samples
from 17 wells in the lower Anacostia River watershed from
September through December 2005, and from 14 wells in the
lower Anacostia River and lower Rock Creek watersheds from
August through September 2008.

Twenty-seven pesticide compounds, reflecting at least
19 different types of pesticides, were detected in the ground-
water samples obtained in 2005 and 2008. No fungicides
were detected. In relation to the pesticides detected, degradate
compounds were as or more likely to be detected than applied
(parent) compounds.

The detected pesticides chiefly reflected herbicides com-
monly used in urban settings for non-specific weed control or
insecticides used for nonspecific haustellate insects (insects
with specialized mouthparts for sucking liquid) or termite-
specific control. Detected pesticides included a combination
of pesticides currently (2008) in use, banned or under
highly restricted use, and some that had replaced the banned
or restricted-use pesticides. The presence of banned and
restricted-use pesticides illustrates their continued persistence
and resistance to complete degradation in the environment.
The presence of the replacement pesticides indicates the sus-
ceptibility of the surficial aquifer to contamination irrespective
of the changes in the pesticides used.

A preliminary review of the data collected in 2005 and
2008 indicated that differences in the surficial geology, land
use (as a surrogate for pesticide use), and above-average

precipitation for most of 2004 through 2008, as well as dif-
ferences in the number and performance of USGS laboratory
methods used, could have led to more pesticides detected in
groundwater samples collected in 2008 than in groundwater
samples collected in 2005. Thus, although data from both
years of collection were used for interpretive analysis, empha-
sis was placed on the analysis of the data obtained in 2008.

The presence of pesticides in shallow groundwater (less
than approximately 100 ft (feet), or 30 m (meters), below
land surface) indicated at least the upper surficial aquifer in
Washington, D.C. was susceptible to contamination. One or
more herbicides or insecticides were detected in groundwater
samples collected from 50 percent of the shallow wells
sampled in 2005, and from 62 percent of the shallow wells
sampled in 2008.

Differences among types of pesticides in shallow ground-
water were apparent. The most frequently detected class of
herbicides was the s-triazine compounds—atrazine, simazine,
or prometon, or the atrazine-degradate compounds—:2-chloro-
4-ethylamino-6-amino-s-triazine (desethylatrazine or CIAT)
and 2-chloro-4-isopropylamino-6-amino-s-triazine (hydroxyat-
razine or OIET). The next most frequently detected classes of
herbicides were the chloroacetanilides, including metolachlor
and acetochlor, and the ureic herbicides, including diuron (and
degradate, 3,4-dichloroaniline), fluometuron, metsulfuron
methyl, sulfameturon, bromacil, and tebuthiuron.

Insecticides also were detected, but less frequently than
herbicides, with one or more insecticides present in groundwa-
ter samples from 38 percent of shallow wells sampled in 2008.
Detected insecticides included parent or degradate compounds
commonly used for either nonspecific or haustellate (sucking)
insects, including chlorpyrifos and dichlorodiphenyldichlo-
roethane (p,p’-DDD; a degradate of dichlorodiphenyltrichlo-
roethane, DDT), and for termite control, including dieldrin,
chlordane, heptachlor epoxide, (a degradate of heptachlor),
fipronil, and the sulfone and sulfide degradates of fipronil.

The concentrations of individual pesticides in shallow
groundwater in both years were low. Maximum concentrations
were no greater than a few tenths of a microgram per liter
(ng/L); typical concentrations often were less than
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0.1 pg/L. Multiple pesticides, however, commonly were pres-
ent in groundwater. For example, in 2008, approximately 88
percent (7 of 8) of the wells that yielded a sample with at least
one detectable pesticide contained five or more pesticides.
The highest number of detections occurred in a groundwater
sample from well WE Ca 32, which is located in a highly
developed urban area; this sample contained 15 different
pesticide residues.

In relation to human and aquatic health, no pesticide con-
centration in either 2005 or 2008 exceeded Federal drinking-
water standards. Groundwater samples from a few sites,
however, contained levels of chiefly banned or restricted-use
pesticides that exceeded other human-health and (or) aquatic-
health guidelines. For example, concentrations of dieldrin
in 2008 groundwater samples from three wells—WE Ca 32
(0.028 pg/L), WE Ba 11 (0.016 pg/L), and WW Ac 8 (0.014
ug/L)—fell within the range of concern for 2004 Federally
approved non-regulatory USGS Health-Based Assessment
benchmarks (0.002 to 0.2 pg/L), and exceeded earlier (1999)
Federal criteria for drinking water (0.000052 ng/L). Other
individual compounds whose concentrations exceeded 1999
Federal guidelines for samples from one or more of these
three sites, or another site, included p,p’-DDD, dichlorodiphe-
nyldichloroethylene (p,p’-DDE; another degradate of DDT),
chlordane, and heptachlor epoxide. Pesticide concentrations
in groundwater also were compared to three aquatic-health
guidelines for freshwater (United States, Great Lakes, or
Canada). One or more of these guidelines were exceeded in
groundwater samples obtained in 2005 or 2008 for one or
more of the compounds chlordane, dieldrin, heptachlor epox-
ide, p,p’-DDE, p,p’-DDD, and chlorpyrifos.

The spatial distribution of pesticides in the shallow
groundwater appeared to be related, in part, to land use, a sur-
rogate for pesticide use. Although most of the wells sampled
in this study are in parklands or other relatively open and
accessible space, multiple pesticides most often were detected
in 2008 groundwater samples collected from wells where a
considerable percentage (in excess of 60 percent) of the land
within a 500-m radius is developed space (residential, com-
mercial, or other urban infrastructure). Insecticides were
detected in wells surrounded by at least 50 percent, and most
commonly by more than 80 percent, development. Well WE
Ca 32, the site associated with the highest number of pesticide
residues in groundwater (8 herbicides and 7 insecticides),
is in a small residential park, where 99 percent of the sur-
rounding land is well-maintained residential and commercial
development.

The vertical distribution of detected pesticides in shallow
groundwater appeared to be related, in part, to depth below
land surface, surficial-bedrock type, and differences in the
chemistry of shallow groundwater. Pesticides were detected
at relatively shallow depths in wells that may not have fully
penetrated the shallow aquifer. For wells in which at least one
pesticide was detected, the median depth below land surface to
the top of the well screen was 5.8 m, and the maximum depth
was 8.5 m.

Among the types of surficial materials in which wells
were completed—alluvium, terrace deposits, or Potomac
Formation sub- or outcrops in the Coastal Plain Province,
and saprolite or fractured bedrock (Laurel and Sykesville
Formations) underlying saprolite in the Piedmont Province—
no pesticides were detected in groundwater associated
with wells completed in the alluvium or fractured bedrock.
Detections occurred in some but not all wells completed in
the other surficial materials. Overall, the pattern in occurrence
appeared related to the local permeability of these sediments
and groundwater chemistry. Groundwater with multiple
pesticide detections tended to occur in permeable sediments
(absent any appreciable overlying clay, silt, or clay-silt layers),
in conjunction with other common urban contaminants
(elevated chloride in excess of tens to hundreds of milligrams
per liter (mg/L), and oxic, rather than reduced, groundwater as
evidenced by elevated (in excess of 5 mg/L) concentrations of
nitrate).

The results of this investigation were compared to results
from two other similar and recent studies on pesticide occur-
rence in the shallow aquifer. These included a study in the
nearby Maryland and Delaware Coastal Plain Physiographic
Province and one in the Maryland and Virginia Piedmont
Physiographic Province. Results from these studies were
similar to the current study in relation to (a) the types, frequen-
cies, concentrations, and mixtures of pesticides detected; (b)
compounds that exceeded human-and aquatic-health criteria;
and (c) the occurrence and distribution of pesticides within
the surficial aquifer in relation to depths, sediment types, and
groundwater chemistries.

Introduction

Potential contamination of shallow groundwater (defined
in this report as 100 feet or less below land surface) by pes-
ticides within the Piedmont and Coastal Plain Physiographic
Provinces that underlie the Anacostia River and Rock Creek
watersheds in Washington, D.C. (fig. 1) is of interest for two
reasons. First, in the part of Washington, D.C. underlain by
Piedmont rocks, the aquifer chiefly consists of in-sifu weath-
ered rocks (saprolite) and the underlying shallow fractured
bedrock, which are the only major water-bearing units for
groundwater supplies. In the part of Washington, D.C. under-
lain by Coastal Plain sediments, the surficial aquifer is the
main source of recharge to deeper confined aquifers, which are
major sources of groundwater for drinking or other supplies
in the region. Second, the surficial aquifer is a major source of
base flow to local streams within Washington, D.C., including
the Anacostia River and Rock Creek (fig. 1). This base
flow helps to maintain streamflows during dry weather into
important estuaries—the Anacostia and Potomac Rivers, and
ultimately the Chesapeake Bay. Thus, the quality of ground-
water discharged from the surficial aquifer into streams in
Washington, D.C. plays a role in the ecological health of local
as well as larger downstream surface-water bodies.
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Location of study area, including lower parts of the Anacostia River and Rock Creek watersheds, and Federal and other
parklands in Washington, D.C.
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Both Anacostia Park and Rock Creek Park, including
their streams (fig. 1), are considered local resources by
Washington, D.C. residents. Anacostia Park is managed by
the National Park Service (NPS), and since the late 1980s,
organizations such as the Anacostia Watershed Restoration
Committee (AWRC) and the Anacostia Watershed Toxics
Alliance (AWTA) have facilitated efforts to rehabilitate the
watershed. Recent improvements in the Anacostia River
include wetland and riparian-zone restoration, trash and
debris reduction, replacement of leaking sewer infrastructure,
and low-impact development (LID) that uses passive
engineering improvements to redirect and process storm
runoff (Metropolitan Washington Council of Governments
(MWCOG), 1998, 2003; Anacostia Watershed Toxics Alliance,
2001).

The activities of the NPS, AWRC, AWTA, MWCOG,
and citizens groups in Washington, D.C. reflect their concerns
regarding the quality of park waters. Miller and others
(2007) recently described some of the adverse water-quality
conditions in Anacostia watershed streams, noting that this
watershed is listed as one of three Regions of Concern by
the Chesapeake Bay Program (CBP). The latter program has
stressed that segments of the river are on Maryland’s 303(d)
list for a number of contaminant issues, including bacteria,
biological integrity, polychlorinated biphenyls (PCBs), and
the pesticide heptachlor epoxide (Chesapeake Bay Program,
2000). Recent studies by Pinkney and others (2001, 2004)
reported severe chemical effects on brown bullhead in the
Anacostia River in Washington, D.C., and stated that the likely
causative chemicals for the observed diseases in brown bull-
head in the Anacostia River are polyaromatic hydrocarbons
(PAHs), DDT, PCBs, and (or) chlordane.

Sedimentation remains a continuous and serious problem
in the Anacostia River because of development. There has
been a substantial narrowing of the Anacostia River channel
(Williams, 1977). Yorke and Herb (1978) documented large
increases in land clearing for urban and suburban development
in the upper Northwest Branch of the Anacostia during the
1960s and 1970s, and noted that this resulted in increased
sediment loads in the urbanized areas of the watershed. They
found that 73 percent of the annual load occurred during flows
whose duration amounted to just 2.2 percent of the year, and
94 percent of the annual load occurred during flows whose
duration amounted to just 5.7 percent of the year. Yorke and
Herb (1978) also concluded that major sources of sediment
in the watershed were cropland, urban land, and construction
sites.

Rock Creek and Rock Creek Park are managed by the
NPS and the Maryland-National Capital Park and Planning
Commission. Concerns have arisen regarding the quality
of creek water. Although the effects of human activities on
stream biota in Rock Creek Park possibly are not as severe as
those found in the Anacostia River, several studies have dem-
onstrated that many anthropogenic chemicals are present at
relatively low to moderate concentrations in the bed sediments
and the creek water (CH2M Hill, 1977; Anderson and others,

2002; Miller and others, 2007; Phelan and Miller, in press).
This has raised concerns among Washington, D.C. residents
about the quality and chemistry of surface water and ground-
water in Rock Creek Park and the watershed.

National and Regional Studies

As of 2005, little data and information were available
to assess pesticide contamination of the surficial aquifer
underlying Washington, D.C. Since the mid-1980s, how-
ever, investigations by the USGS National Water-Quality
Assessment (NAWQA) Program and others have documented
the presence and distribution of pesticides, and identified
landscape and subsurface characteristics related to their pres-
ence, in surficial aquifers throughout the Nation, including the
Coastal Plain near Washington, D.C. The evidence of possible
adverse effects on groundwater quality in surficial aquifer
settings described in NAWQA studies, combined with greater
Federal regulation of pesticides in groundwater, and the lack
of information and data on pesticides in groundwater within
Washington, D.C., have been catalysts for this study, which
was conducted by the USGS, in cooperation with the District
Department of the Environment (DDOE) in 2005 and 2008.

From a national perspective, and given the abundance
of row crops, pastureland, livestock, and other agricultural
activities in the Nation, the occurrence and distribution of
selected pesticides (parent and degradate compounds) in
shallow groundwater beneath agricultural areas, including
the Coastal Plain Physiographic Province in Maryland, have
been examined through several NAWQA studies (Ator, 2008;
Denver and Ator, 2006; Gilliom and others, 2006; Kiely and
others, 2004; Kolpin and others, 1997; Shedlock and others,
1999; Barbash and Resek, 1996; Gilliom and others, 1995).
Additional NAWQA or other national and regional studies
have addressed the occurrence and distribution of pesticides
in shallow groundwater beneath urban areas—residential,
commercial, and industrial—including the Coastal Plain (Ator,
2008; Flanagan and others, 2001; Andrews and others, 1998;
Berndt and others, 1998; Ator and Denis, 1997, Kolpin and
others, 1997; and Bruce, 1995).

General results from these studies in agricultural and
urban settings that are relevant to Washington, D.C. are as
follows:

a. Pesticides have been used in large metropolitan areas
similar to Washington, D.C., as well as in agricultural
areas, and their use likely will continue in order to
control pests in these settings;

b. Shallow groundwater beneath large metropolitan
areas similar to Washington, D.C., as well as beneath
agricultural areas, has been contaminated by modern
(post-1940s) pesticides;

c. The types, occurrence, and distribution of pesticides in
shallow groundwaters reflect patterns in land use and
pesticide application, the chemical and physical prop-



erties of different pesticides, and natural factors—for
example, rainfall amounts and soil or sediment perme-
ability—all of which collectively determine the fate
and movement of pesticides in these environments;

d. The pesticides that have been most frequently detected
generally are among the most frequently used, are
relatively water soluble, and are highly mobile or at
least highly persistent (resistant to degradation) in the
environment;

e. The detected pesticides often include degradate forms,
whose individual concentrations can exceed the con-
centrations of the applied parent forms of the com-
pounds; and

f. Pesticides often are found at low concentrations, in
mixtures, and with few exceedances of regulatory
standards or guidelines for human and aquatic health,
but for many of the detected parent or degradate
compounds or mixtures of compounds, there are no
standards or guidelines.

For example, nationally, in 2000 and 2001, approximately 75
percent of all pesticide use for weed and insect control was
agricultural. The other 25 percent of pesticide use occurred in
nonagricultural settings—residential, commercial, industrial,
transportation, public-health, and other nonagricultural appli-
cations (Kiely and others, 2004). In addition, Kiely and others
(2004) noted that approximately 40 percent of all fungicide
use in the Nation occurred in nonagricultural settings.

The apparent relation between pesticide detections and
pesticide mobility has been described by Barbash and Resek
(1996). Mobility of a pesticide appears to be related to its
solubility in water and its ability to move (partition) among
different environmental media—air, water, soil, and biota. For
example, a pesticide that is highly soluble in water, but does
not readily volatilize or strongly sorb to organic matter, is apt
to be detected in groundwater. A highly volatile pesticide that
readily passes into the air, or a pesticide that strongly binds
to organic matter in the soil, is unlikely to be detected in
groundwater.

Persistence also appears to play a role in pesticide detect-
ability (Barbash and Resek, 1996). A pesticide that is highly
resistant to degradation is considered persistent, and can
remain detectable in the environment (air, soil, or water) for
years to decades after application.

A pesticide often is transformed into one or more com-
pounds commonly referred to as degradates. Furthermore,
most pesticide degradation appears to occur in the soil zone
where abiotic chemical and biotic (animal, plant, or microbial)
processes are most active (Barbash and Resek, 1996).

Upon transformation of the parent compound, a variety of
degradates can form before the soil water that contains these
degradates percolates through the vadose zone and reaches
the water table. Thus, degradation could make detection of the
applied form of the pesticide difficult; there could be multiple
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degradate forms of the pesticide present whose detectability
depends on the state of current analytical methods.

Whether or not a water-soluble pesticide (parent or
degradate compound) is mobilized depends in part on the ease
with which water can infiltrate and percolate through the soil
and surficial sediments. As noted earlier, national and regional
studies have found pesticides generally are present most
frequently in shallow groundwater beneath well-drained areas
with highly permeable sandy soils and with sand and gravel
aquifers; permeable shallow sediments occur commonly in
Washington, D.C.

Whether the pesticides present in groundwater are
cause for concern is the subject of considerable debate. In
the previously cited national and regional studies, this con-
cern chiefly was addressed on the basis of whether or not the
detected pesticide compound(s) occurred at concentrations
that are known or deemed likely to result in human-health or
ecological effects. For human-health regulated compounds,
the basis for comparison generally has been Federal drinking-
water standards (for example, U.S. Environmental Protection
Agency, 2004). For selected compounds not covered by
drinking-water standards, the U.S. Environmental Protection
Agency (USEPA) initially provided recommendations
(U.S. Environmental Protection Agency, 1999) and recently
approved Health Assessment benchmarks developed by the
USGS (Toccalino and others, 2004) to assess groundwater
quality. In the national and regional studies noted earlier, pesti-
cide compounds that are toxic or known or suspected carcino-
gens were present in shallow groundwater. In addition, other
pesticide (parent and degradate) compounds, whose potential
human-health effects, individually or as collective mixtures,
are largely unknown, also were present in groundwater.

For ecological health, the basis for comparisons has
varied and included USEPA national recommended long-term
aquatic chronic-exposure criteria for continuous concentra-
tions in freshwater (U.S. Environmental Protection Agency,
1999), the U.S. and Canada International Joint Commission
(International Joint Commission, 1989) Great Lakes aquatic-
health objectives, and Canadian guidelines for the protec-
tion of aquatic health (Canadian Council of Ministers of the
Environment, 2007). In addition, a number of other pesticides
(parent and degradate) compounds, whose potential aquatic-
health effects, individually or as collective mixtures, are
largely unknown, were present in groundwater.

Exceedances of either human- or aquatic-health guide-
lines are a concern in the Anacostia River and Rock Creek in
Washington, D.C., and therefore were considered in this study.
Groundwater that contains concentrations of pesticides that
exceed Federal drinking-water standards could prevent the use
of this water as an alternative source of public drinking water
in the future. In addition, there could be human-health impli-
cations where local supplies (such as private domestic-use
wells) are not regulated or routinely monitored. Exceedances
of aquatic-health guidelines also are of concern in Washington,
D.C. because of the potential implications for the health of
local streams, estuaries, and the Chesapeake Bay.
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Coastal Plain and Piedmont Settings near
Washington, D.C.

National and regional studies can provide a broad indica-
tion of the types, occurrence, and distribution of pesticides
detected in shallow groundwaters in different climatic,
land-use, and hydrogeologic settings, and help to identify
factors that could influence the occurrence, fate, and trans-
port of pesticides to shallow groundwater. Therefore, the
regional and local studies that have been conducted near and
in Washington, D.C. and in Maryland, Virginia, and Delaware,
and in relation to shallow groundwater in the Coastal Plain and
Piedmont Provinces, are the most relevant to this study.

From a hydrologic perspective, annual rainfall in the
Maryland-Virginia-Washington, D.C. area is relatively
abundant, averaging approximately 41 inches per year from
1901-2001, and is fairly well distributed throughout the year
(Wheeler, 2003). About one-quarter to one-third of this annual
rainfall infiltrates through the soil zone and percolates down
through unconsolidated materials to recharge the unconfined
surficial aquifer that underlies most of the Coastal Plain and
Piedmont aquifers in this area (Denver and Ator, 2006).

Although an adequate amount of low-ionic-strength rain-
fall and recharge occurs in the region, a number of local and
regional studies have shown that the chemistry of groundwater
in the surficial aquifer beneath recharge areas, such as in the
Coastal Plain in Maryland, often reflects recent human activi-
ties (Desimone and others, 2009; Ator, 2008; Debrewer and
others, 2007; Klohe and Debrewer, 2007; Focazio and others,
1998, 2002). The main observed effects of human activities
are elevated concentrations of chemicals (for example, nutri-
ents and pesticides) from development and agriculture. This
illustrates the susceptibility of these Coastal Plain landscapes
to leaching of applied or disposed-of chemicals, including
selected pesticides, during recharge to the underlying surficial
aquifer.

Regional and local studies indicate that contaminated
groundwater potentially can travel through the surficial aquifer
and either discharge into streams or continue into outcrop or
subcrop areas of the underlying confined aquifers (Potomac
Formation). In either case, the time of travel could be rela-
tively rapid. For example, Denver and Ator (2006) noted that
groundwater in the surficial aquifer in the Coastal Plain of
Maryland and Delaware that is contaminated with pesticides
appears to be relatively young with an apparent age of 50
years or less since the time of recharge. In addition, many of
the same pesticides present in shallow groundwater also are
present in nearby streams during base flow in the Coastal Plain
of Maryland, Delaware, and Washington, D.C. (Shedlock and
others, 1999; Denver and Ator, 2006; Miller and others, 2007),
which indicates relatively short times of travel.

Pesticides seldom have been detected downdip in the
confined aquifers of the Coastal Plain. Ator (2008) attributed
the lack of occurrence of pesticides in the confined aquifers
to (a) the long times of travel for groundwater, given that
the apparent age of water in the confined aquifers generally

predates the use of modern pesticides, and (b) the relative
impermeability of confining-bed silt and clay sediments that
separate the shallow surficial aquifer from the underlying con-
fined aquifers and the confined aquifers from one another.

Although groundwater quality in the surficial aquifer
in the Coastal Plain near Washington, D.C. has been the
subject of considerable investigation, less is known about the
potential contamination of groundwater by pesticides in the
surficial aquifer in the Piedmont Province near Washington,
D.C. The most recent, relevant, and nearby study by Banks
and Reyes (2009) indicates that the Piedmont surficial aquifer
in Maryland and Virginia adjacent to parts of Washington,
D.C. is likely as susceptible as the nearby surficial aquifer in
the Coastal Plain of Maryland and Delaware to nutrient and
pesticide contamination by human activities related to modern
land use.

Recent and nearby studies clearly indicate the potential
for human activities to adversely affect the quality of stream-
water and groundwater in the surficial aquifer in the Piedmont
and Coastal Plain settings in Washington, D.C. A key limita-
tion to conducting such groundwater studies in Washington,
D.C., however, has been the paucity of wells and, hence, the
means to obtain data. Johnston (1964) noted this problem.

He relied on historical articles and other anecdotal records to
document that problems with stream and well contamination
from development began affecting large communities through-
out Washington, D.C. early in the 20th century. By the 1920s,
many shallow wells and streams were abandoned as sources
of public water supply as withdrawals of surface water for
public water supplies increased from the Potomac River. By
the 1960s, only a few deeply drilled and chiefly artesian wells
in the Coastal Plain within Washington, D.C. continued to be
used by commercial establishments. In conjunction with the
increased reliance on the Potomac River rather than ground-
water for public water supplies, increased development coin-
cided with the loss of areas sufficiently accessible to install
wells, which further limited the ability to conduct such studies.

Purpose and Scope

This report presents the types, frequencies of occurrence,
and concentrations of selected pesticide (parent and degradate)
compounds in shallow groundwater in the lower Anacostia
River and lower Rock Creek watersheds within Washington,
D.C. The concentrations of detected pesticides are described in
relation to human- and aquatic-health criteria and guidelines.
The types and frequencies of occurrence of detected pesticides
are further discussed in relation to local, regional, and national
studies of pesticide occurrence in groundwater that include
nearby parts of the Coastal Plain and Piedmont Physiographic
Provinces. In addition, the occurrence and distribution of the
detected pesticides are examined in relation to local differ-
ences in land use, surficial materials, and the inorganic chem-
istry of groundwater associated with sampling sites distributed
among both watersheds and physiographic settings within



Washington, D.C. All data obtained in the field or from the
analysis of groundwater and quality-control samples collected
and analyzed in 2008 are summarized in this report.

Description of Study Area

Washington, D.C. occupies a total area of about 68.3 mi?
(square miles) and is bordered by the States of Maryland to the
southeast, northeast, and northwest, and Virginia to the south-
west (fig. 1). As the Nation’s capital, Washington, D.C. gener-
ally is perceived as a major metropolitan area, but a consider-
able part of the capital is water and parkland. Approximately
10 percent (6.9 mi*) of Washington, D.C. is open water (U.S.
Census Bureau, 2008), with three major natural flowing
streams—the Potomac River, which forms the southern border
of Washington, D.C.; the Anacostia River, which drains most
of the eastern part of Washington, D.C.; and Rock Creek,
which drains most of the western part of Washington, D.C.
(fig. 1). About 19.4 percent (13.3 mi®) of Washington, D.C. is
parkland, and most (89 percent, 11.8 mi?) of this parkland is
managed by the NPS, including the largest parks, Rock Creek
and Anacostia, as well as a number of small parks, such as
the Chesapeake and Ohio Canal National Historical Park, the
National Mall, and Theodore Roosevelt Island (The Trust for
Public Land, 2009).

Although surface-water watersheds are used in this
report to define different parts of the study area that vary in
hydrogeologic characteristics, the surface-water watershed
boundaries are not necessarily coincident with the shallow
groundwater-flow boundaries.

Geology

Washington, D.C. is located on the transition zone
between the Piedmont and Coastal Plain Physiographic
Provinces (fig. 1). Deeply weathered and exposed igneous
and metamorphic rocks of the Piedmont are at land surface
in the western part of Washington, D.C. and dip to the south-
cast at about 125 feet per mile (Johnston, 1964). These rocks
are overlain by an eastward-thickening wedge of uncon-
solidated Coastal Plain sediments composed of silts, clays,
sands, and gravels that increase in thickness to more than
1,500 ft (feet) in the southeastern Coastal Plain of Washington,
D.C. This unconformity between the Piedmont and Coastal
Plain Physiographic Provinces is referred to as the Fall Line
(Johnston, 1964).

The physiography of Washington D.C. can be described
in relation to its two major watersheds—the Anacostia River
watershed to the east, and the Rock Creek watershed to the
west (fig. 1). The Anacostia River watershed covers approxi-
mately 26 mi* within Washington, D.C. and lies entirely
within the Coastal Plain. The Rock Creek watershed covers
approximately 15.9 mi? within Washington, D.C. and includes
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Piedmont rock to the west and Coastal Plain sediments to the
east.

Coastal Plain sediments beneath the Anacostia River
watershed form a system of confined and unconfined aquifers
(S.W. Ator, U.S. Geological Survey, written commun., 2010).
To the north, coarse sediments (sand-dominated lithofacies)
of the Cretaceous-age Potomac Formation (Kps) form an
aquifer that crops out and subcrops in the northwestern
part of the watershed (fig. 2, Kps, and fig. 3, section A-A’).
Downdip from the outcrop and to the southeast, the aquifer
is confined by an overlying clay-dominated lithofacies (Kpc)
of the Potomac Formation (fig. 2, Kpc, fig. 3, section A-A”).
Downriver to the south and as the river valley widens, cross
sections of the watershed show an increasing series and thick-
ness of interbedded Tertiary and Quaternary terrace deposits
(sands, silts, and clays), with local heterogeneities, including
fill (fig. 2 and fig. 3, section B-B”), that form an unconfined
surficial aquifer, with local perched and semi-confined
conditions above the Potomac Formation (clay-dominated
lithofacies).

Rock Creek watershed lies on the transition zone between
the Piedmont and the Coastal Plain (figs. 1, 2). Because of
historical orogenic activity, this transition zone has a complex
surficial geology (Southworth and Denenny, 2006). For brev-
ity, only formations relevant to the locations of wells used for
pesticide and other water-quality sampling in the Rock Creek
watershed are discussed in the current report.

Surficial geologic formations associated with well
sites used in this study and in Rock Creek watershed in
Washington, D.C. include the Piedmont Sykesville (€s) and
Laurel (€1) Formations, and the Coastal Plain Potomac (Kp)
Formation and terrace and alluvial deposits (figs. 2, 4, €s, €I,
and Kp). The Sykesville and Laurel Formations are the major
exposed and fractured sedimentary rocks in Rock Creek water-
shed and where not truly exposed can be overlain by saprolite
(bedrock weathered in place).

Southworth and Denenny (2006) described the Sykesville
Formation in Washington, D.C. as a sedimentary mélange of
a gray matrix of quartz and feldspar that supports rounded
and elliptical white and clear quartz cobbles, blocks of dark
gray phyllonite, light gray migmatite and metagraywacke;
dark greenish black mafic, ultramafic, and metagabbro rocks;
and light gray metafelsite and plagiogranite. The Sykesville
Formation (€s) is exposed at the mouth of Rock Creek and
trends northerly and northwesterly through the Rock Creek
watershed and Washington, D.C. (figs. 2, 4, €s).

The Laurel Formation is described by Southworth and
Denenny (2006) as a sedimentary mélange that is similar to
some rocks in the Sykesville Formation. Rocks of the Laurel
Formation have a matrix of quartz and feldspar that supports
fragments, elongated cobbles, and bodies of meta-arenite
and muscovite-biotite schist. The Laurel Formation (€l),
however, locally consists of more than 50 percent meta-arenite
clasts. This unit crops out in the Rock Creek drainage area in
Klingle Valley and trends northerly through the watershed in
Washington, D.C. (figs. 2, 4, €]).
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West of Rock Creek is a set of long, near-vertical faults
that trends north to south (figs. 2, 4) through Washington, D.C.
The fault zone is named the Rock Creek shear zone (Fleming
and others, 1998), and can be considered part of the Fall Line
within Washington, D.C. Streambed meanders in Rock Creek
are incised along bedrock fractures that strike northwest and
northeast in this zone (figs. 2, 4).

Collectively, the Piedmont rocks in Rock Creek Park
(fig. 2) are foliated and dip steeply to the west with metasedi-
mentary and metaigneous rocks strongly aligned north to
south along the Rock Creek fault-shear zone. Southworth and
Denenny (2006) noted that tectonic activity along this shear
zone has been very complex since the first plutonic rocks
appeared, and they described a system of post-Cretaceous-age,
north-northwest-directed thrust faults in crystalline rocks that
cut the Coastal Plain as late as 1.8 Ma (million years ago) at
the beginning of the Quaternary Period. The current distri-
bution of Cretaceous and Tertiary deposits and Quaternary
terraces indicates that the west side of the Rock Creek shear
zone was uplifted, incised, and eroded more than the east side
through incision by the ancestral Rock Creek and Potomac
River. This erosional incision left only isolated patches of the
Coastal Plain sediments, which principally appear west of
the park at isolated locations—Ward and Tenley Circles, and
along Wisconsin Avenue.

Coastal Plain sediments chiefly are found in the eastern
part of Rock Creek watershed within Washington, D.C. The
oldest Coastal Plain deposits are the Potomac Formation (fig.
2, Kp). Both sand-dominated lithofacies (Kps) and clay-
dominated lithofacies (Kpc) of this formation are found on the
east side of Rock Creek Park. The Calvert Formation (Tc) is
present only on the west side of Rock Creek Park in Cleveland
Park.

Tertiary or Quaternary sediments compose at least four
terrace levels along Rock Creek that Southworth and Denenny
(2006) indicated could be related to the ancestral Potomac
River. An older Tertiary upper-level terrace (Ttu) is present
on a highly elevated flat bench east of Rock Creek Park near
Walter Reed Army Medical Center (fig 2 and fig 4, Ttu).
There also are at least three lower-level terraces (Tt) in the
area (fig. 2, Tt): a high terrace that underlies the area of the
Carter Barron Amphitheater; an intermediate-level terrace
that underlies the broad area opposite the National Zoo, and a
low-level terrace that is incised into the intermediate terrace
south of the zoo. These terraces probably range from middle
Miocene (~13.5 Ma) to late Pliocene (2.5 to 1.8 Ma) in age on
the basis of pollen and stratigraphic correlation (McCartan,
1989). Colluvium (Qc), derived from Tertiary deposits on the
uplands, forms drapes of cobbles on the slopes near Woodley
Park just west of the National Zoo (fig. 2, Qc). Fleming and
others (1994) interpreted the deposits to be Tertiary in age.
Southworth and Denenny (2006) indicated that the colluvium
has probably been accumulating since then.

To further add to the complexity of surficial sediments
in Washington, D.C., both the lower Anacostia River and
Rock Creek watersheds have undergone more than 200 years
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of development. In the case of the Anacostia watershed, the
stream was subjected to major sedimentation as the watershed
cover changed from forest to agriculture, then from agriculture
to urban and suburban land uses. Williams (1977) noted that
the Anacostia River was navigable north of Washington, D.C.
up until the early 1880s. Heavy sedimentation occurred in the
river bottom and along streambanks throughout most of the
watershed as a result of agricultural, then urban, development
in the 19th and 20th centuries. Tenbus (2003) described vari-
ous topographic maps and sediment cores collected along the
river, which illustrate that considerable fill was deposited in
wetlands and low-lying areas along streambanks as a result
of development or dredging. Cut-and-fill operations likely
have occurred in many other parts of the Anacostia River
watershed. Johnston (1964) indicated that as late as the mid-
20th century, considerable suburban development occurred in
Washington, D.C. and surrounding areas. Thus, there likely
are widespread occurrences of fill and disturbed landscapes

throughout the Anacostia River watershed outside the natural-
area parks, with only the largest areas of fill (dgf) appearing on
Washington, D.C.-scale geologic maps (fig. 2).

In the case of the Rock Creek watershed, only about 30
percent of the watershed lies within Washington, D.C. (fig.
1). With the exception of Rock Creek Park, which is up to a
mi (mile) wide and runs about 9.3 mi from the northern to
southern boundaries of Washington, D.C., much of the Rock
Creek watershed within Washington, D.C. is urban with
commercial and residential developments (Anderson and
others, 2002). Established in 1890, the park itself has not been
highly disturbed. Historical development within Washington,
D.C. outside the park, however, likely has led to considerable
cutting and filling in of the original landscape, including
many small first-order upland and headland streams beyond
the boundaries of Rock Creek Park. As in the case of the
Anacostia River watershed, only the largest areas of such fill
appear on Washington, D.C.-scale geologic maps (fig. 2, dgf).



12 Pesticides in Groundwater in the Anacostia River and Rock Creek Watersheds in Washington, D.C., 2005 and 2008

Groundwater Chemistry

Some recent data exist to describe groundwater in the
Anacostia River watershed, but there is little current (2008) or
recent information on the quality of groundwater in the Rock
Creek watershed.

Recharge differs among the major geologic formations
in the Anacostia River watershed (S.W. Ator, U.S. Geological
Survey, written commun., 2010). On the basis of groundwater-
level contouring, Ator showed that groundwater flow in the
unconfined aquifer generally is from upland recharge areas
toward discharge areas along the Anacostia River and its tribu-
taries (fig. 5). His analyses of hydraulic gradients illustrate
that recharge to the confined Potomac aquifer occurs chiefly
in the outcrop areas (for example, see fig. 3, sections A-A’ and
B-B’). Recharge to the unconfined aquifer chiefly is the result
of infiltration in areas with permeable surficial sediments. In
both cases, the quality of infiltrated water in this urban setting
can reflect not only natural precipitation but anthropogenic
activities and structures, such as irrigation of landscapes and
leakage from water-supply, storm, and sewer lines.

An upward hydraulic gradient appears to occur beneath
the Anacostia River (for example, see fig. 3 section B-B’;

S.W. Ator, U.S. Geological Survey, written commun., 2010).
Depending upon the depth of incision of the river channel, this
could enhance groundwater flow into the river from the sur-
ficial aquifer or, if the confining clay lithofacies are removed
by river down-cutting, lead to groundwater flow into the river
from what otherwise would be a confined Potomac Formation.

Groundwater in terrace and Potomac Formation materials
in the Anacostia River watershed commonly is oxic, with low
concentrations of iron, and elevated concentrations of selected
compounds that generally are considered indicators of anthro-
pogenic contamination (fig. 6; S.W. Ator, U.S. Geological
Survey, written commun., 2010). The latter include:

a. Nitrate concentrations in excess of 10 mg/L in most
groundwater samples taken from wells completed in
this urban setting and these sediments; in contrast,
nitrate concentrations in other Coastal Plain sites asso-
ciated with forest or little human activity (for example,
pastureland) are approximately 4 mg/L or less
(Hamilton and others, 1993);

b. Chloride concentrations in excess of 75 mg/L in most
groundwater samples taken from wells completed in
this urban setting and these sediments; in contrast,
chloride concentrations in other Coastal Plain sites
associated with undeveloped (for example, forest) or
minimally developed (for example, pasture) lands are
approximately 6 mg/L or less (Hamilton and others,
1993); and

c. Detectable and often quantifiably measureable con-
centrations of synthetic organic contaminants, such

as volatile and semi-volatile organic compounds and
pesticides in most groundwater samples taken from
this urban setting and these sediments; in contrast,
these compounds generally are undetected, or detected
only at low concentrations (estimated with higher than
normal uncertainty), in shallow groundwater in similar
sediments underlying undeveloped or minimally devel-
oped landscapes (Hamilton and others, 1993).

Other indicators of anthropogenic activities appear to have
affected groundwater, including oil and grease, petroleum
hydrocarbons, and gasoline- and diesel-related organics

(S.W. Ator, U.S. Geological Survey, written commun., 2010).
The frequency and variety in the types of organic compounds
detected in groundwater generally were greater in wells
located in high-density developments (residential, commercial,
or municipal), than in low-density residential neighborhoods
or parks.

In the Rock Creek watershed, stream rather than ground-
water quality has been the focus of recent studies (Anderson
and others, 2002; Miller and others, 2007; Phelan and Miller,
in press). These studies have shown that streamflow, including
base flow in Rock Creek, contains elevated concentrations of
nutrients and selected trace elements, and a variety of syn-
thetic organic compounds including pesticides.

In relation to groundwater, Schneider and others (1993,
Schneider, Montaser, and Watt, 1993) conducted two relatively
targeted, local studies on the quality and chemistry of ground-
water in the Rock Creek watershed in the 1990s. Johnston
(1964) conducted the last large-scale assessment of shallow
groundwater quality and chemistry in and near Washington
D.C. that included the Piedmont setting. On the basis of
limited historical data, he characterized natural groundwater
as a calcium-bicarbonate water with soft-to-moderate hard-
ness. Johnston (1964) noted that natural water-quality impair-
ments for human use throughout Washington, D.C. and nearby
areas were high iron concentrations (in excess of 0.3 mg/L),
and high corrositivity, defined as dissolved carbon dioxide in
excess of 10 pg/L. For example, he found that 40 percent of
the wells that were analyzed for iron had iron concentrations
in excess of 0.3 mg/L.

Data-Collection Methods and Data
Quality

Samples and measurements for water quality were col-
lected at 24 wells in the Anacostia River and Rock Creek
watersheds in Washington, D.C. in 2005 and 2008 for this
study. One of these wells was located west of the Rock Creek
watershed. In addition, quality-control samples and data were
collected to help determine the accuracy and comparability of
the groundwater data.
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watershed, September to December 2005 (S.W. Ator, U.S. Geological Survey, written commun., 2010).

Data-Collection Methods

Previously installed monitoring wells (for example,
from studies by Schneider and others, 1993 and 1993b) that
could be located, that had reliable construction information,
and that could be redeveloped and sampled, were included
in this study. Additional wells were installed in locations that
increased the spatial distribution of monitoring wells and in
different geologic settings. Large open areas were required to
provide access and lateral and vertical clearance for the drill-
ing equipment and to avoid underground and overhead utili-
ties. For these reasons, most monitoring wells were installed
on either NPS property (in 2005 and 2008) or D.C. Parks and
Recreation property (in 2005).

Inspection of previously installed wells and the instal-
lation of new wells by the USGS to meet DDOE recommen-
dations are described by Miller and Klohe (2003), Tenbus
(2003), Klohe and Debrewer (2007), and S.W. Ator
(U.S. Geological Survey, written commun., 2010). In brief,
most (20 of 24) wells were individually located at different
sites (fig. 1 and table 1). At four sites, pairs of wells were

installed at two different depths (table 1, shaded couplets).
Most wells were installed in the surficial aquifer at shallow
depths—Iless than 40 ft below land surface. Five wells were
completed at depths in excess of 40 ft (table 1); these wells
provided data from the deeper Piedmont bedrock or Potomac
Group sediments. Information on the identification, construc-
tion, and location of wells was collected and compiled from
well records or field inspections of the selected monitoring
wells and from field observations and records obtained during
the drilling and installation of new monitoring wells (table 1).

Field measurements of selected water-quality proper-
ties were taken during sampling each year, and included pH,
temperature, turbidity, specific conductance, and the con-
centration of dissolved oxygen. In addition, quality-control
(QC) samples, including field blanks and duplicate sequential
groundwater samples, were collected at each of two different
wells during each year of data collection.

Sample collection and processing were similar in both
years of data collection and have been described in Klohe
and Debrewer (2007). In brief, groundwater samples were
collected from each well with a peristaltic or stainless steel



pump after the well was purged of generally a minimum of
three well volumes to remove water that had been standing
in the casing. Samples for the analysis of dissolved inorganic
constituents were filtered during collection through an encap-
sulated, 0.45-um (micrometer)-effective-pore-size, pleated,
cellulose nitrate filter, and samples for dissolved organic
constituents, including pesticides, were filtered through a
0.70-um-effective-pore-size, 142-millimeter-diameter baked,
glass-fiber, plate filter.

All 2005 groundwater and QC samples were analyzed
by the USGS National Water Quality Laboratory (NWQL)
in Denver, Colorado, or by the USGS-certified Severn Trent
Laboratory in Arvada, Colorado. Samples were analyzed for
selected pesticides (78 chiefly nonpolar parent or degradate
compounds), major ions, nutrients, and other selected chemi-
cal constituents whose occurrence or concentrations could be
related to natural processes and human activities in the study
area. All 2005 groundwater and QC data have been published
(Klohe and Debrewer, 2007, appendixes).

Samples collected in 2008 (table 1) from seven of the
same wells used in 2005, and seven additional wells not used
for data-collection in 2005, were analyzed by the NWQL
or the USGS Organic Chemistry Research Laboratory in
Lawrence, Kansas. Samples were analyzed for selected pesti-
cides (over 150 parent or degradate compounds), major ions,
and nutrients. All 2008 groundwater and QC data are provided
in this report (appendix A).

Data Quality

An evaluation of the quality of the data collected in 2005
and 2008 was made on the basis of QC data obtained from
field blanks and duplicate sequential groundwater samples,
from USGS laboratory surrogate recoveries collected during
the analysis of groundwater samples, and from groundwater
samples taken from the same seven wells for both years of
data collection (appendix B). The purpose of this evaluation
was twofold: to assess the quality of the groundwater data
collected in 2005 and in 2008, and to assess whether data from
both years could be combined for selected interpretive analy-
sis. The results of this evaluation are summarized below:

a. For both years, and except for trace amounts of
selected major ions, the concentrations of all ground-
water constituents, including all pesticides, in field-
blank samples were below the Laboratory Reporting
Levels (LRLs). In addition, no pesticide was detected
in any field blank. Also, the magnitude of the concen-
trations of constituents found in groundwater samples
exceeded the magnitude of any trace amounts of those
constituents found in the field blanks. Thus, no appre-
ciable bias due to contamination appears to have been
introduced during the collection, processing, preserva-
tion, shipping, or analysis of groundwater samples in
either year of data collection that could limit the inter-
pretation of the pesticide and other water-quality data.

Data-Collection Methods and Data Quality 15

b. For both years, data obtained from sequential dupli-
cate groundwater samples collected at selected wells
revealed similar precision results—low variability
between measurements of duplicate samples for most
constituents, including pesticides. For inorganic con-
stituents with measureable concentrations, the relative
difference between concentrations in duplicate samples
for most inorganic constituents typically was no more
than approximately10 to12 percent, and usually less
than 1 percent. For organic constituents and, in par-
ticular, for pesticides, the relative difference between
concentrations in duplicate samples was generally 20
percent or less, and for most of the constituents, less
than 1 percent.

c. The differences in the type and number of pesticide
detections in 2005 and 2008 groundwater samples, in
part, could be due to differences in the number and
performance of laboratory analytical methods used.
In 2008, an additional pesticide method was used that
resulted in detections of pesticides (15) in 2008 sam-
ples that were not detected in 2005 samples collected
from the same wells. In addition, the performance of
one USGS NWQL laboratory method varied between
years in a manner that appears to have led to more
pesticides detected in 2008 samples than were detected
in 2005 samples collected from the same wells.

Given (a) and (b) above, the data collected within a given
year were considered suitable for interpretation. Similarities in
the quality of data collected for both years indicated that data
possibly could be combined from both years for the purposes
of interpretation.

Given (c) above, pesticide detections in 2005 and 2008
appeared to differ at least in part because of differences in the
number and performance of the laboratory analytical methods
used in 2005 and 2008. In addition, only 7 of the 17 wells
sampled in 2005 were resampled in 2008. For these reasons,
the interpretations of the pesticide data are constrained in this
study. As an example, although temporal variation in hydro-
logic conditions could play a role in the differences in pesti-
cide detections in 2005 and 2008, one cannot discount that the
differences in pesticide detections between these years could
simply reflect differences in the number and performance of
laboratory methods. The constraints on interpretations of the
pesticide data in this study affect the approaches used to (a)
describe the occurrence and distribution of pesticides, and
(b) assess pesticide occurrence in groundwater in relation to
selected land-use and hydrogeologic characteristics, in the
surficial aquifer.

Interpretations in this report chiefly were conducted
using either the 2008 or the 2005 data, with an emphasis on
the pesticide data collected in 2008. The 2008 data provide
the most widespread and complete indication of pesticides
in the shallow groundwater in both the Anacostia River and
Rock Creek watersheds and the most diversity in geologic
settings. Combined data from both years are used in some
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circumstances, for example, to describe the general types and
concentrations of pesticides found and to identify potential
relations (future testable hypotheses) between pesticide occur-
rence in groundwater and selected surficial and subsurface
characteristics in the study area. The interpretive results in
each case of combined data use, however, are qualified to the
extent possible in terms of limitations in the data.

Pesticides in Groundwater

Pesticides present in shallow groundwater can be
described in relation to their types and frequencies of detec-
tion on the basis of the data obtained from the wells used for
data collection in 2005 and 2008 (fig. 1). The concentrations
of detected pesticides in shallow groundwater also can be
assessed in relation to human- and aquatic-health criteria and
guidelines.

Pesticide Types and Frequencies of Detection

Summary data from all sampling sites and, in the case
of the paired-well sites, from just the shallowest well at
each location, indicate that 27 different pesticides (parent or
degradate compounds) were detected in groundwater samples
collected in 2005 and 2008 (table 2). The detected compounds
reflect at least 19 unique herbicides or insecticides—distinct
parent compounds, or degradate compounds that can be
associated with distinct parent compounds. Although analyses
for fungicides were included, no fungicides were detected.
Fungicides in laboratory analysis of groundwater samples
included benomyl, metalaxy, and propiconazole.

The detected herbicides chiefly reflect compounds used
for non-specific weed (broadleaf or grass) control, and the
detected insecticides chiefly reflect compounds used for non-
crop haustellate (sucking) insects or termite control (table 2).
In addition, the detected compounds reflect parent or degra-
date pesticides (a) generally still in use, but perhaps currently
at more restricted levels, for example, s-triazines; (b) wholly
or highly restricted in use, for example, DDT, chlordane, hep-
tachlor, and dieldrin; or (c) whose use was designed to replace
banned pesticides, for example, fipronil, in place of dieldrin,
chlordane, and heptachlor. The presence of pesticide parent
or degradate compounds banned from further use (DDT and
chlordane) illustrates their continued persistence and resis-
tance to decomposition in the environment, possibly decades
after their use was discontinued. Also the presence of replace-
ment pesticides such as fipronil, which was developed in part
to replace the discontinued termitic pesticides, indicates the
permeable nature of the surficial aquifer in Washington, D.C.
and its vulnerability to continued contamination by recently
introduced pesticides.

For those pesticides for which analyses for degradates
were conducted, it is apparent that degradate compounds were
as likely, or more likely, to be detected than parent compounds

(table 2, s-triazines, glyphosate, DDT, heptachlor, and fipro-
nil). This finding highlights the importance of analyzing for
degradate as well as parent pesticide compounds to accurately
determine overall occurrence in groundwater. Recent stud-

ies of the surficial aquifer in the Coastal Plain and Piedmont
Provinces near Washington, D.C. indicate that multiple
degradates of these and other compounds are more likely to be
detected in groundwater than the parent compounds (Denver
and Ator, 2006; Banks and Reyes, 2009).

Different types of pesticides were detected at different
frequencies in shallow groundwater in the study area (table 2).
Herbicides were detected more frequently than insecticides.
In 2005 and 2008, one or more herbicides were detected in
shallow groundwater at 43 and 62 percent of the study sites,
respectively. At each well-pair location, the deepest well
contained no detectable pesticides. Therefore, frequencies
of detection by well location were computed on the basis of
the shallow well at each of these locations. In contrast, one
or more insecticides were detected in shallow groundwater at
only 29 and 38 percent of the study sites in 2005 and 2008,
respectively.

Although fewer types and numbers of herbicides were
detected in shallow groundwater in 2005 than in 2008
(table 2), the most frequently detected herbicides in 2005
were the s-triazines and s-triazine degradates, and the ureic
herbicides. In each case, one or more parent and (or) degradate
compounds for each type of herbicide were found in shallow
groundwater at 21 percent of the study sites. No laboratory
analysis was conducted for alachlor and metolachlor in 2005.

The most frequently detected type of herbicides in
shallow groundwater in 2008 were the s-triazine compounds
—atrazine, simazine, prometon, and the atrazine-degradate
compounds, CIAT and OIET; one or more of these compounds
were detected in shallow groundwater at 62 percent of the
study sites. The next most frequently detected herbicides in
2008 were chlorinated acetanilides, acetachlor and metola-
chlor, with one or both detected at 29 percent of the study
sites, and the ureic herbicides (diuron, fluometuron, metsulfu-
ron methyl, sulfameturon methyl, bromacil, and tebuthiuron),
with one or more of these compounds also detected at 29
percent of the study sites. The least frequently detected type
of herbicide was an organophosphate compound—glyphosate
and its degradate, amino-methyl-phosphonic acid (AMPA);
each of these compounds was detected once at different sites.

Although detections of herbicides differed by type, there
was no marked difference in the frequency with which differ-
ent types of insecticides were detected in shallow groundwater
(table 2). Detections, however, could reflect resistance to deg-
radation across general insecticide types.

Few insecticides were detected in shallow groundwater in
2005, and as in 2008, detections chiefly reflected insecticides
resistant to degradation. Detections consisted of one or two
detections of five different types of insecticides or insecticide
degradates—p,p’-DDE , dieldrin, heptachlor epoxide, chlor-
dane, and imidacloprid.
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Table 2. Detected pesticide compounds by type and use, detection frequency using either only or shallowest well at each
site, maximum concentration, and related human- and aquatic-health concentration criteria and guidelines, for groundwater in
Washington, D.C., 2005 and 2008.

[n/a, not analyzed; E, quantified above the long-term method detection limit but below the laboratory reporting level with higher uncertainty; M, present, but
not quantified; pg/L, micrograms per liter; ---, no recommended or established standard; P, pending; <, less than]
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Number of shallowest

wells at different Maximum i
. . concentration Human- Aquatic-
D d icid 6 | locations with at least (ng/L) health health
etected pesticide eneral use one detection criteria criteria
2005 2008 (ng/L) (ng/L)
(14 wells) (13 wells) 2005 2008
Any herbicide or insecticide: 6 8 0.301 0.11 - -
Any herbicide Used for nonspecific 4 8 0.193 0.11 - -
broadleaf or grass
control
Any s-Triazine: 3 8 0.02 0.106 --- -
Atrazine Crop and noncrop 1 5 0.02 0.106 32 1.87
Simazine Crop or noncrop n/a 5 n/a 0.022 42 107
Prometon Crop or noncrop n/a 3 n/a E 0.01 100° -—-
2-chloro-4-isopropylamino-6- Degradate of atrazine 2 7 E 0.02 E 0.025 P -
amino-s-triazine (CIAT)?
2-hydroxy-4-isopropylamino- Degradate of atrazine 1 2 E 0.007 E 0.034 P -
6-ethylamino-s-triazine
(OIET)?
2-chloro-6-ethylamino-4- Degradate of atrazine 1 0 E 0.01 <0.08 P -
amino-s-triazine (CEAT)?
Any chloroacetanilide: n/a 4 n/a 0.053 - -
Acetochlor Crop n/a 1 n/a 0.019 1/100° -
Metolachlor Crop n/a 4 n/a 0.053 P, 700° 7.8
Any ureic: 3 4 0.193 0.11 --- -
Diuron Crop 0 1 <0.01 M P, 2/200° ---
3,4-dichloroaniline Degradate of diuron' n/a 1 n/a E 0.006 - -
Fluometuron Crop, chiefly cotton 0 1 <0.02 E 0.01 4 -
Metsulfuron methyl Crop and noncrop 1 0 E 0.04 <0.14 2,0003 -
Sulfometuron methyl Noncrop 0 1 <0.038 E 0.007 2,000° -—-
Bromacil Noncrop 1 2 E 0.01 0.04 703 57
Tebuthiuron Noncrop 1 1 0.193 0.11 1,0003 1.67
Any organochlorine: 0 2 <0.31 0.02 --- ---
Glyphosate Crop and noncrop 0 1 <0.150 0.02 7002 657
aminomethylphosphonic acid Degradate of 0 1 <0.31 0.02 - -
(AMPA)? glyphosate
. .. Nonspecific use unless 4 5 0.301 0.028 - -
Any insecticide: .
other specified
Chlorpyrifos Crop n/a 1 n/a E 0.005 23 0.00357
Any acyclic chlorophenyl: Crop-noncrop 1 3 0.004 0.002 - -
Dichlorodiphenyldichloroeth- Degradate of dichloro- 0 3 <0.002 0.002 0.00031* 0.001¢, for
ane (p,p’-DDD)? diphenyltrichloro- either degra-
ethane (DDT) date

(Discontinued 1972)
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Table 2. Detected pesticide compounds by type and use, detection frequency using either only or shallowest well at each
site, maximum concentration, and related human- and aquatic-health concentration criteria and guidelines, for groundwater in
Washington, D.C., 2005 and 2008.—Continued

[n/a, not analyzed; E, quantified above the long-term method detection limit but below the laboratory reporting level with higher uncertainty; M, present, but
not quantified; pg/L, micrograms per liter; ---, no recommended or established standard; P, pending; <, less than]

Number of shallowest

Maximum

wells at different concentration Human- Aquatic-
D d icid 6 | locations with at least (ng/L) health health
etected pesticide eneral use one detection criteria criteria
2005 2008 (ng/L) (ng/L)
(14 wells) (13 wells) 2005 2008
Dichlorodiphenyldichloroeth- Degradate of DDT 1 0 0.004 <0.002  P;0.00021* 0.003¢, for DDT
ylene (p,p’-DDE)? (Discontinued 1972) plus degra-
dates
Dieldrin Crop-noncrop 2 3 0.065 0.028 0.002/0.2%; 0.056/0.0019%;
0.000052* 0.001°¢
Imidacloprid Crop, sucking insects 1 0 0.301 <0.060 400° -
Any chlorinated cyclodiene: Cmp_no.mmp 2 3 E0.1 0.021 - -
(termites)
Chlordane Discontinued all uses 1 0 EO0.1 <0.1 22:0.00081*  0.0043/0.004%;
1988 0.06°
Heptachlor expoxide Degradate of 2 3 0.007 0.021 0.2% 0.0038/0.0036%;
Heptachlor (Highly 0.000039* 0.001°
restricted, 1988)
Noncrop, termites and n/a 2 n/a E 0.009 -—- ---
Any phenopyrazole:
pet pests
Fipronil n/a 2 n/a E 0.009 - -
Fipronil sulfide Degradate of fipronil n/a 2 n/a E 0.007 - -
Fipronil sulfone Degradate of fipronil n/a 1 n/a E 0.005 - -

! Dichloroaniline is a possible degradate of diuron, linuron, neburon, swep (methyl-N(3,4-diphenyl) carbamate), chlorpyrifos, and propanil
(J.E. Barbash, U.S. Geological Survey, written commun., 2009); only diuron was detected in the sample with 3,4 dichloroaniline.

2 U.S. Environmental Protection Agency (USEPA) Maximum Contaminant and Health Advisory Levels for drinking water (U.S. Environmental Protection

Agency, 2004).

3 U.S. Geological Survey, Health Based Assessment Benchmark (Toccalino, 2007), low/high values or single value for both.

4 USEPA recommended human-health criteria for consumption of water and organisms (U.S. Environmental Protection Agency, 1999); and P, USEPA pend-
ing candidate on drinking-water contaminant list (U.S. Environmental Protection Agency, 2005).

5 USEPA national recommended long-term aquatic chronic-exposure criteria for continuous concentration for freshwater/saltwater (U.S. Environmental

Protection Agency,1999).

¢ Great Lakes aquatic-health objectives (International Joint Commission, 1989).

7 Canadian Council of Ministers of the Environment guidelines for the protection of aquatic health (Canadian Council of Ministers of the Environment,

2007).



The most frequently detected insecticides in 2008 were
p,p’-DDD, dieldrin, and heptachlor epoxide (a degradate of
heptachlor); each pesticide was detected at 23 percent of the
study sites, but not necessarily the same sites. Use of all three
of these insecticides has been completely or highly restricted
for decades (table 2). In addition to the resistant insecticides,
fipronil and one or both fipronil degradates were detected
in shallow groundwater at 15 percent of the study sites, and
chlorpyrifos was detected at one study site.

Comparison of the pesticide data collected in 2008 with
the data collected in 2005 indicates that groundwater samples
in 2008 contained considerably more types of pesticides and
had higher frequencies of detections by pesticide type than
groundwater samples collected in 2005 (table 2). In addition,
except for four pesticide compounds, most pesticides detected
in shallow groundwater samples collected in 2005 were again
detected in groundwater samples collected from those same
wells in 2008. The four exceptions are the single-occurrence
detections in 2005 of the herbicides 2-chloro-6-ethylamino-4-
amino-s-atrazine (desisopropylatrazine or CEAT), metsulfuron
methyl, glyphosate, and a degradate of the insecticide DDT,
p.p’-DDE.

Pesticide Concentrations and Human- and
Aquatic-Health Criteria and Guidelines

Concentrations of pesticides in shallow groundwater sam-
ples obtained in either 2005 or 2008 were quite low. Maximum
concentrations for all parent or degradate compounds were no
greater than a few tenths of a microgram per liter and often
were less than 0.1 pg/L (table 2). In particular, many resi-
due concentrations were less than the LRL of the analytical
method (appendix A, table A1), which implies a higher than
normal uncertainty in the measured concentrations.

In relation to human-health criteria, summary data
indicate that no pesticide covered by Federal drinking-water
standards for public supplies was found at concentrations in
shallow groundwater that exceeded the USEPA Maximum
Contaminant Level (MCL) for drinking water (table 2). Absent
USEPA MCL criteria, human-health standards other than the
USEPA MCL have been considered for groundwater, including
the USEPA recommended human-health criteria for consump-
tion of water (U.S. Environmental Protection Agency, 1999)
and the USEPA-approved non-regulatory USGS health-based
assessment benchmarks (Banks and Reyes, 2009; Toccalino,
2007; Denver and Ator, 2006; Toccalino and others, 2004).
Groundwater data obtained from monitoring wells in the
surficial aquifer in Washington, D.C. do not directly reflect
water that is consumed, and therefore, are not directly relevant
to human health. Nevertheless, DDOE protects the shallow
groundwater as if it were a drinking-water source. Embassies
and other government buildings often have wells as back-up
water supplies, which could potentially be used as drinking
water. Furthermore, the contamination of groundwater in the

Pesticides in Groundwater 21

surficial aquifer in this study, as in other studies where these
criteria have been applied, may indicate potential for future
contamination in deeper aquifers and in base flows to surface
water, both of which are used for drinking-water supplies in
Washington D.C. or nearby areas.

Application of human-health criteria and guidelines to
the pesticides present in shallow groundwater in this study
indicates that concentrations of p,p’-DDD, p,p’-DDE, dieldrin,
chlordane, and heptachlor epoxide did exceed the USEPA
national recommendations for the consumption of water for
these compounds (table 3, human-health assessment). Dieldrin
concentrations in groundwater samples from three wells—
WE Ca 32 (0.028 pg/L), WE Ba 11 (0.016 pg/L), and WW
Ac 8 (0.014 pg/L)—in 2008, and two paired wells—WE Ca
32 (0.065 pg/L) and WE Ca 33 (0.002 pg/L)—in 2005, fell
within the range of concern denoted by the non-regulatory
USGS health-based assessment criterion for this compound
(table 3, human-health assessment, dieldrin, 0.002 pg/L to
0.2 pg/L). In particular, dieldrin also has been identified as a
pesticide of concern on the basis of the USGS health-based
assessment benchmark for shallow groundwater in other areas
of the Coastal Plain and Piedmont Provinces near Washington,
D.C. (Denver and Ator, 2006; Banks and Reyes, 2009).

Pesticide concentrations in shallow groundwater in 2005
and 2008 were compared to several available aquatic-health
criteria and guidelines for freshwater (tables 2 and 3) includ-
ing (a) the USEPA criteria for long-term chronic-exposure
to continuous concentration (U.S. Environmental Protection
Agency, 1999), (b) the 1989 U.S. and Canada International
Joint Commission Great Lakes aquatic-health objectives, and
(c) the 2007 Canadian Council Ministers of the Environment
(CCME) guidelines for the protection of aquatic health.
Although these aquatic-health criteria and guidelines chiefly
were designed for constituents in surface water, their use
in relation to groundwater in this study may be warranted
because the shallow surficial aquifer likely is the chief source
of water to local streams and wetlands in Washington, D.C.

The assessment of aquatic health demonstrated that
refractory legacy compounds chiefly were responsible for
most exceedances of aquatic-health criteria and guidelines
(table 3). The 2005 concentrations of p,p’-DDE (one site),
dieldrin (one site), and chlordane (one site) and the 2008 con-
centrations of heptachlor epoxide (three sites) and p,p’-DDD
(three sites) exceeded the USEPA long-term chronic exposure
concentrations for each of these compounds. In addition, the
concentrations of dieldrin at three sites in 2008 and two sites
in 2005, and of p,p’-DDE at one site in 2005, exceeded the
U.S. Great Lakes aquatic-health criteria for each of these com-
pounds. The concentration of chlorpyrifos at one site in 2008
also exceeded the Canadian aquatic-health guideline for this
compound. Currently (2010), there are no drinking-water stan-
dards, other human-health criteria, or aquatic-health guidelines
for the degradate compounds detected in shallow groundwater
in this study (table 2).
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Table 3. Water-quality human- and aquatic-health assessment for groundwater samples collected from the surficial aquifer in

Washington, D.C., 2005 and 2008.

[png/L, micrograms per liter; E, quantified above the long-term method detection limit but below the laboratory reporting level with higher uncertainty;

USEPA, U.S. Environmental Protection Agency; USGS, U.S. Geological Survey]

Pesticide guidelines  Pesticide sample

Constituent U.SGS. ] or criteria concentration Year (.)f
well identifier collection
(ng/L) (pg/L)
Human-health assessment
USEPA recommended human-health criteria for
consumption of water!

Dichlorodiphenyldichloroethane (p,p’-DDD) WE Ca 32 0.00031 0.002 2008
WE Ba 11 0.00031 E 0.001 2008
WE Cb 8 0.00031 E 0.001 2008

Dichlorodiphenyldichloroethylene (p,p’-DDE) WE Ba 9 0.00021 0.004 2005

Dieldrin WE Ca 32 0.000052 0.028 2008
WE Ba 11 0.000052 0.016 2008
WW Ac 8 0.000052 0.014 2008

Chlordane WE CA 32 0.00081 EO0.1 2005

Heptachlor epoxide WE Ca 32 0.000039 0.003 2008
WE Ba 11 0.000039 0.021 2008
WE Cb 8 0.000039 0.014 2008

USGS health-based assessment benchmark®

Dieldrin WE Ca 32 0.002-0.2 0.028 2008
WE Ca 32 0.002-0.2 0.065 2005
WE Ba 11 0.002-0.2 0.016 2008
WE Cb 8 0.002-0.2 0.014 2008
WE Ca 33 0.002-0.2 0.002 2005

There also are no human- and aquatic-health criteria
or guidelines for the effects of mixtures of pesticides in
groundwater. The data obtained in 2008 (appendix A, table
A1) provide the most comprehensive assessment of pesticide
mixtures in Washington, D.C. groundwater. As already noted
(table 2), samples from 8 of the 13 wells completed in shallow
groundwater had at least one detectable pesticide. Seven of
these eight wells, or 88 percent, had five or more different
pesticide compounds (appendix A, table A1). The highest
number of detections occurred in the groundwater sample
from well WE Ca 32, which contained 15 different pesticide
compounds. The effects of such mixtures on human and
aquatic health are relatively unknown.

Comparison of Pesticides in Groundwater:
Washington, D.C. and Nearby Coastal Plain and
Piedmont Areas

The occurrence of pesticides detected in shallow ground-
water in Washington, D.C. is similar to patterns found for
pesticides in shallow groundwater in nearby and similar
Coastal Plain and Piedmont surficial aquifers. Denver and
Ator (2006) described the occurrence of pesticides in the
surficial aquifer in the Maryland Coastal Plain north and
east of Washington, D.C. They identified parent or degradate
compounds that represented at least 19 unique herbicides or
insecticides in shallow groundwater. The concentrations of
individual pesticide compounds generally were less than
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Table 3. Water-quality human- and aquatic-health assessment for groundwater samples collected from the surficial aquifer in

Washington, D.C., 2005 and 2008.—Continued

[pg/L, micrograms per liter; E, quantified above the long-term method detection limit but below the laboratory reporting level with higher uncertainty;

USEPA, U.S. Environmental Protection Agency; USGS, U.S. Geological Survey]

Pesticide guidelines  Pesticide sample

Constituent U.SGS. ] or criteria concentration Year (.)f
well identifier collection
(ng/L) (ng/L)
Aquatic-health assessment
Long-term chronic-exposure to continuous
concentration'
Chlordane WE Ca 32 0.0043 EO0.1 2005
Dieldrin WE Ca 32 0.056 0.065 2005
Heptachlor epoxide WE Ca 32 0.0038 0.005 2005
WE Ba 11 0.0038 0.021 2008
WW Ac 8 0.0038 0.014 2008
Dichlorodiphenyldichloroethane (p,p’-DDD) WE Ca 32 0.001 E 0.001 2008
WE Ba 11 0.001 0.002 2008
WW Ac 8 0.001 E 0.001 2008
Dichlorodiphenyldichloroethylene (p,p’-DDE) WE Ba 9 0.001 0.004 2005
Great Lakes aquatic-health objectives®
Dieldrin plus aldrin WE Ca 32 0.001 0.065 2005
WE Ca 32 0.001 0.028 2008
WE Ca 33 0.001 0.002 2005
WE Ba 11 0.001 0.016 2008
WW Ac 8 0.001 0.014 2008
Dichlorodiphenyltrichloroethane (DDT) plus WE Ba 9 0.003 0.004 2005
metabolites
Canadian guidelines for the protection of aquatic
health*
Chlorpyrifos WE Cb 8 0.0035 E 0.005 2008

!'U.S. Environmental Protection Agency, 1999.
2 Toccalino, 2007.

0.1 pg/L. More herbicides were detected than insecticides.
The most commonly detected herbicides were atrazine,
prometon, simazine, alachlor, metolachlor. and their multiple
degradates. They found that herbicides, such as simazine,
prometon, bromacil, and tebuthiuron, and the termitic insec-
ticides, such as dieldrin, and selected degradates of these
compounds, appeared most often in groundwater associated
with urban settings. Denver and Ator (2006) described pesti-

cide mixtures similar to those described for Washington, D.C.

that occurred with a relatively high frequency. Groundwater
samples from 68 percent of the wells used in their study con-
tained at least one detectable pesticide. Groundwater samples
from 94 percent of the wells that had detectable pesticides,
however, contained more than one pesticide, and 53 percent
of these wells yielded samples with at least five detectable

3 International Joint Commission, 1989.

4 Canadian Council of Ministers of the Environment, 2007.

compounds——chiefly s-triazines, acetanilides, and their degra-
dates. Groundwater from one well contained eleven different
pesticide compounds.

Banks and Reyes (2009) completed a groundwater study
that involved 15 randomly selected community water-supply
wells completed in the Piedmont bedrock in Maryland and
Virginia and located in the lower Potomac River Basin near
Washington, D.C. They identified 24 unique herbicides or
insecticides. Concentrations of pesticides typically were less
than 0.1 pug/L. All 15 wells yielded the atrazine degradate
CIAT. Seventy-three percent of the wells contained mixtures
of five or more detectable pesticide residues—typically
s-triazines, acetanilides, and their degradates. Groundwater
obtained from one well contained 27 different pesticide and
degradate compounds.
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The Anacostia River and Rock Creek derive their low-
flow source waters at least in part from the surficial aquifer
in the Coastal Plain and Piedmont within and outside of
Washington, D.C. (fig.1). The combined results of this study
with those from the studies by Denver and Ator (2006) and
Banks and Reyes (2009) indicate that similar types, concentra-
tions, and mixtures of pesticides are present in the surficial
aquifer in Coastal Plain and Piedmont settings beneath these
watersheds in and around Washington, D.C. Many of these
detected pesticides reflect parent and degradate compounds
that currently have no drinking-water or aquatic-health regula-
tory or non-regulatory standards, criteria, or guidelines, leav-
ing the effects of these mixtures on human and aquatic health
uncertain.

Land Use and Hydrogeologic Factors
Related to Pesticide Occurrence

Land use (as a surrogate for pesticide use) and hydrogeo-
logic characteristics, such as sediment permeability, have been
shown to be related to the presence of pesticides in shallow
groundwater. To assess whether or not such relations hold for
the surficial aquifer in Washington, D.C., selected landscape
and hydrogeologic characteristics associated with the wells
used in this study were examined in relation to the pesticides
present in shallow groundwater. The ability to conduct this
evaluation, however, is at least partially limited because of the
following two factors:

a. A possible bias exists in well locations toward open,
accessible space and parks. Most wells that were
sampled are located in open accessible space and few
are in close proximity to locations in urban areas that
generally would reflect high pesticide use on the basis
of land use, such as highly developed residential,
commercial, or other infrastructure. This bias could
differ in relation to wells used for data collection in
2005 compared to those used in 2008. In 2005, wells
were located chiefly in larger Federal or other parks in
the lower Anacostia River watershed (fig.1). In 2008,
seven of the wells used in 2005 were re-sampled, and
seven additional wells were sampled that were located
in smaller recreational parks or on relatively undevel-
oped open space in the lower Anacostia River water-
shed, Rock Creek watershed, or west of Rock Creek
watershed (fig. 1).

b. Differences in the number of methods used to analyze
for pesticides in groundwater and the performance of
these methods could have resulted in more pesticides
being detected in groundwater in 2008 than were
detected in 2005.

Hence, this assessment chiefly was conducted to identify
testable hypotheses between land use and hydrogeologic

characteristics and the occurrence and distribution of pesti-
cides in shallow groundwater in Washington, D.C.

Land Use

A lack of information on pesticide use in urban areas
within Washington, D.C. precludes a direct comparison of
actual use in areas in proximity to each of the wells used for
groundwater sample collection. To address this issue, patterns
in land use in the Mid-Atlantic Coastal Plain have been used
as surrogates for pesticide use and have been related to the
occurrence and distribution of pesticides in Coastal Plain
groundwater (Ator, 2008; Denver and Ator, 2006). A simi-
lar approach was adopted for this study. Land use within a
circular buffer (500-m radius) of each well (Tyler and Belitz,
2009; Koterba and others, 1995) was characterized (table 4)
on the basis of 2001 land-use data (Homer and others, 2004).
For each circular buffer, the relative amounts of developed
space (such as residential and commercial, major thorough-
fares, and other structural development), and open space (such
as water, woodland, and low-maintenance grassed areas) were
determined.

Pesticide detections in groundwater in 2005 and 2008
were examined in relation to the amount of developed and
open space within the circular buffer of each well in 2001
(fig. 7). Although fewer pesticides were detected in ground-
water in 2005 than in 2008, the relation between the number
of pesticides detected in groundwater and amount of devel-
oped land use is apparent in 2005 (fig. 7A). In 2008, with the
exception of well WE Cb 8, the number of pesticides detected
in groundwater also appeared to increase with increases in the
amount of developed space in the vicinity of the well (fig. 7B).
Well WE Cb 8 was excluded from this analysis because the
data were considered suspect.

Differences in the type of parkland, as well as proximity
of parkland to development, could account for differences
in the number and types of pesticides detected in shallow
groundwater. In both years of data collection, most study sites
associated with a high number of pesticide detections (at least
five or more) in shallow groundwater tended to be in small
municipal parks within developed areas, or near boundaries
of large parks or other open space in close proximity to
developed space (table 4, wells WE Ba 11, WE Ca 32, WE
Cc 3, WW Bc 9, and WW Ac 8). Study sites associated with
no or few pesticide detections tended to be located within the
interior of large parklands or other open space (table 4, wells
AC Aa 1, WE Bb 3, WE Ba 11, and WW Ba 28). Illustrative
examples of the different land-use settings are provided as
follows:

a. Examples of wells that yielded groundwater with high
numbers of pesticide detections, located in open space
(municipal parkland or wood and grasslands), but sur-
rounded predominantly by extensively developed lands
(fig. 8), and
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Table 4. Land use, geologic setting, and pesticide detections for groundwater-monitoring wells in Washington, D.C. sampled from
September through December 2005 and (or) August through September 2008.

[USGS, U.S. Geological Survey; b.l.s., below land surface; L-M-H, sum of low-, medium-, and (or) high-density land-use areas, and as with other land uses,
expressed as a fraction of circular area (in percent) within 500 meters of the well; parentheses around one of the categories, (-L), (-M), or (-H), indicate that

category of residential land use is less than a few percent; Pot Fm, S; Potomac Formation, sand lithofacies; Pot Fm, C; Potomac Formation, clay lithofacies;

Ter dep, Terrace deposits; Sap, Saprolite; Fm, Formation; H, herbicide(s); I, Insecticide(s); %, percent; shaded areas denote paired-well sites]

Detailed geologic setting?

Number of pesticide
compounds detected

USGS Depth of Overburden Geolonic uni
well Dominant land uses’ screened from land eio ogic u':;t
identifier interval of  surface to O 2005 2008
the well screened (feet b.l.s)
(feetb.l.s.) interval o
Anacostia River watershed
3 . 0,
Pl itk 7 -
ACAal Y 25-30 assumed fill Alluvium None Not sampled
grassed open space, 39% L-M-H den-
. . . . and clay
sity residential with sports complex
ACAa6 Federal park b.oundary area; 28% open 12.5-18.5 Alluvium, Alluvium Not sampled None
and and low-maintenance grassed and no clay
wooded open space; 71% L-M(-H) den- Clay layer,
ACAaT sity residential and built-up parkland 49.5-59.5 ~17 feet thick Pot Fm, S Not sampled  None
Residential recreational sports park; 13%
maintained grassed open space, 87% Clay layer,
WEBa9 L-M(-H) density residential and com- 818 ~4 feet thick Pot Fm, § I 1H
mercial
Residential park boundary area; 10% low- .
maintenance grassed and wooded open Silty, clayey
WE Bal0 £ . oc op 7-17 sand,~7 feet Alluvium None Not sampled
space, 90% L-M-H density residential .
. thick
and commercial
Maintained grass median between road-
ways along development and recre- Clav laver
WE Ball ational park; 22% grassed and wooded | 18.5-28.5 31 5 t)“;:et’ thick Pot Fm, C Not sampled 2 H, 41
open space, 77% L-M(-H) residential
and commercial
Grassed Federal park area boundary Clay, silty clay, .
WE Bb 3 adjacent major thoroughfare and river; 15-23 ~15 feet thick Alluvium None Not sampled
and 66% open water and low-maintenance .
WE Bb 4 grassed and wooded open space; 19% 22-32 Cla};;lflty Clha_y,k Alluvium None Not sampled
commercial and built-up parkland LA S A
Grassed Federal park area along riverbank
1 1 114- . 0,
s i bl o £
WE Ca 29 P & . 38.5-48.5 thick, clay, Alluvium None Not sampled
open space; 53% L-M-H residential, .
. . ~26 feet thick
sport, commercial, and built-up park-
land
Grassed residential minipark; 1% open
. 000, YM-
WE Ca 32 and wooded open space; 99% (L-)M-H 14 - Sand Ter dep 3H,41 8H,71
density well-maintained residential and
commercial development
Grassed residential minipark; 1% grassed
. 0, - -
WE Ca 33 and wooded open space; 99% (L-) M-H 28-38 Silty sand Ter dep 11 Not sampled

density well-maintained residential and

commercial development
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Table 4. Land use, geologic setting, and pesticide detections for groundwater-monitoring wells in Washington, D.C. sampled from

September through December 2005 and (or) August through September 2008.—Continued

[USGS, U.S. Geological Survey; b.l.s., below land surface; L-M-H, sum of low-, medium-, and (or) high-density land-use areas, and as with other land uses,
expressed as a fraction of circular area (in percent) within 500 meters of the well; parentheses around one of the categories, (-L), (-M), or (-H), indicate that

category of residential land use is less than a few percent; Pot Fm, S; Potomac Formation, sand lithofacies; Pot Fm, C; Potomac Formation, clay lithofacies;

Ter dep, Terrace deposits; Sap, Saprolite; Fm, Formation; H, herbicide(s); I, Insecticide(s); %, percent; shaded areas denote paired-well sites]

Detailed geologic setting?

Number of pesticide
compounds detected

USGS Depth of Overburden Geolonic uni
well Dominant land uses’ screened from land eio ogic u':;t
identifier intervalof  surface to O 2005 2008
the well screened (feet b.l.s)
(feetb.ls.) interval o
Anacostia River watershed—Continued
Grassed roadside area of wooded strip
between thoroughfare and river; 58% Alluvium /
WE Ca 34 open water and space (cemetery), 39% | 13-33 Sand, silty sand Ter de None None
L-M-H density residential and com- P
mercial
Grassed wooded area near aquatic gardens | 12.6-22.6  Gravel and sand Ter dep None SH
WE Cb 5 and nursery; 48% open (aquatic ponds)
and water and maintained grassed and Clay-silt layer,
WE Cb 6 wooded space; 36% L-M(-H) residen- 36.3-46.3 ~10 feet thick Ter dep None Not sampled
tial and commercial
Grassed edge of Federal park complex in
woodlands; 48% open maintained-grass Clav laver
WE Cb 8 and woodland space, 46% L-M(-H) 255-265 yayerh Pot Fm, S 1 H 6H,2D
. . - . ~215 feet thick
density residential, sport recreational,
and built-up Federal parklands
Grass (maintained) and wooded (stream) | 16-21 Fill and silt Alluvium None Not sampled
WE Cb 11 buffer strip; 30% open wooded park
and and maintained-grass space; 69% well- Sandy clay layer,
WE Cb 12 maintained L-M-H density residential 29-39 ~20 feet thick Pot Fm, C None Not sampled
and commercial development
Wooded strip bordering built-up park
complex and recreational sports area in
residential park; 15% maintained grass
WE Cc 3 and woodland space; 82% L-M-(-H) 13-23 Silt and sand Pot Fm, C 1H,21 4H,31
density residential and commercial
space (including ongoing development
construction)
Grass (maintained) edge of residential
sports park surrounded by commercial
development; 6% maintained grass Clay layer,
WWBes8 open space; 93% (L-)M-H density 2-32 ~10 feet thick Pot Fm, § None Not sampled

residential and commercial, including
multiple-sport complex, developments
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Table 4. Land use, geologic setting, and pesticide detections for groundwater-monitoring wells in Washington, D.C. sampled from

September through December 2005 and (or) August through September 2008.—Continued

[USGS, U.S. Geological Survey; b.l.s., below land surface; L-M-H, sum of low-, medium-, and (or) high-density land-use areas, and as with other land uses,
expressed as a fraction of circular area (in percent) within 500 meters of the well; parentheses around one of the categories, (-L), (-M), or (-H), indicate that

category of residential land use is less than a few percent; Pot Fm, S; Potomac Formation, sand lithofacies; Pot Fm, C; Potomac Formation, clay lithofacies;

Ter dep, Terrace deposits; Sap, Saprolite; Fm, Formation; H, herbicide(s); I, Insecticide(s); %, percent; shaded areas denote paired-well sites]

Detailed geologic setting?

Number of pesticide
compounds detected

USGS Depth of Overburden Geolonic uni
. We.". Dominant land uses’ screened from land oefos:rge"e:nueI:;t
identifier intervalof  surface to . 2005 2008
interval
the well screened (feet b.l.s)
(feetb.ls.) interval o
Rock Creek watershed
Grass (maintained) and wooded park area
along roadway between developments; Silt ~10 feet
WW Bce 10 19% open grass and woodland space; 22-32 thick, clay Laurel Fm Not sampled None
79% L-M-H density residential and ~5 feet thick
commercial
Grass (maintained) area near parking lot
of sports complex between reservoir
. 0, 1
WW Be 11 woodland§ agd development; 46% open 28.4-38.4 Silty clay. Sap above Not sampled None
grass (maintained) and woodland space; (saprolite) Laurel Fm
49% L-M(-H) density residential and
commercial
Grass (maintained) and wooded (stream)
residential park buffer strip; 18% open
WW Ac 8 maintained grass and. wo'odland SPACe, | 53 ¢ 336 Sand Sap above Not sampled 2 H, 3 1
wooded park and maintained-grass Laurel Fm
space; 81% well-maintained L-M-H
density residential and commercial
Grass and wooded area between ma-
jor thoroughfare dividing reservoir .
woodland and development; 56% open Silty clay
WW Ba 28° ’ 50-100 (saprolite), Sykesville Fm | Not sampled None

(water) woodlands and maintained thor-
oughfare right-of-way; 33% L-M(-H)
density residential and commercial

~15 feet thick

12001 land use(s) by type and area are from Homer and others (2004) and are expressed as a percentage of a circular area within 500 meters of the well
(Tyler and Belitz, 2009; Koterba and others, 1995).

2 Determined on the basis of available drilling logs from well installation and geologic units described and mapped by Southworth and Denenny (2006).

* WW Ba 28 is not located in Rock Creek watershed, but the geologic setting is similar and, therefore, is included in the table with Rock Creek watershed

wells.
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(A) 2005
O BT Ca 32 (-3 ) and WE Ca 2 D EXPLANATION
WE Ca 32 (7: 3H; 41) and WE Ca 33 (11)
¢ ViW Bc 8 2005 WELL SITES
90 WE Ba 10 — .
I WE Ba 9 (11) @ No (0) pesticides detected
[J(N) pesticides detected and number:
80 - 0O WW Bc 9 (3H) | H, herbicide; I, insecticide
Sites with no pesticide residues detected,
listed in order of decreasing developed
= 70 WE Ch 11 and WE Ch 12* — (and generally increasing open) space:
A WW Bc 8
§ WE Cc 3 (2: 1H; 11) WE Ba 10
=gl | WE Cb 11 and WE Ch 12*
z [ WE Cb 8 (1) e s
S sl © WECa20 i WE Ca 34
= WE Cb 5 and WE Cb 6*
2 WE Bb 3 and WE Bb 4*
g 40 — WE Cb 5 and WE Cb 5; @ WECa34 — Sites \{vith (N) pesticide re;sidues detected,
o= S listed in order of decreasing developed
o ACAa1 (and generally increasing open) space:
a 3L - WE Ca 32 (7) and WE Ca 33 (1)*
WEBa?9 (1)
WW Bc 9 (3)
20 — - WE Cc 3(2)
© WE Bb 3 and WE Bb 4* WE Cb8 (1)
* Samples collected from shalfow and
10+ - deep wells
0 I I I I I I I I I
0 10 20 30 40 50 60 70 80 90 100
OPEN SPACE, IN PERCENT
(B) 2008
100 py T T T T T T T T
WE Ca 32 (15: 9H; 6) EXPLANATION
2008 WELL SITES
0 mWEBa9 (1H) n @ No (0) pesticides detected
WE Cc 3 (7: 5H; 2I) B (N) pesticides detected and number:
80 - u WW Ac 8 (5: 3H; 21) | H, herbicide; I, insecticide
WW Bc 10 B WWw Ba 11 (6: 2H; 4l) Sites with no pesticide residues detected,
AAAc6 , « listed in order of decreasing developed
~ 10~ AAAc? - (and generally increasing open) space:
= B WW Bc 9 (5H) WW Be 10
2 AA Ac 6 and AA Ac 7*
a 60 A xvv‘échcs 1
= b I a 34
= B WE Cb 8 (8: 6H; 21**) WW Ba 28
g 50 — WWBc 119 * Sites with (N) pesticide residues detected,
%) listed in order of decreasing developed
2 (and generally increasing open) space:
L
S awf WE Ca 34 : WE Ca 32 (15)
o B WE Cb 5 (5H) WE gag((;))
o ® ¢
a gk Lt 2t 4 WW Ac 8 (5)
WE Ba 11 (6)
WW Bc 9 (5)
20 4 WECh 8 (3)
WE Ch 5 (5)
* Samples collected from shallow and
10~ - deep wells
0 I I I I I I I I I
0 10 20 30 40 50 60 70 80 90 100
NPFN SPACF IN PFRCENT
Figure 7. Pesticide detections in groundwater samples collected in (A) 2005 and (B) 2008 in relation to the

percentage of developed space (low, medium, and high-density residential, commercial, governmental, thoroughfare,
and other structural) and open space (woodland, maintained grassland, and water) within 500 meters of each well
used for sampling, lower Anacostia River and Rock Creek watersheds, Washington, D.C.
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b. Examples of wells that yielded groundwater with no
detectable pesticides, located in open space (large
parklands), and surrounded predominantly by open
space or as much open as developed space (fig. 9).

Although no data generally are readily and routinely
available on actual pesticide use in proximity to well locations,
the policy on pesticide use at least within the large NPS park-
lands, such as Rock Creek Park and Anacostia Park, appears
to be conservative and restricted to the local control of pests
and invasives in selected recreational areas (for example, golf
courses) and along roadways and bridges (Anderson and oth-
ers, 2002). For example, Anderson and others (2002) found
that in 1999, only two pesticides (glyphosate and triclopyr)
were used along selected roadways throughout Rock Creek
Park. They also noted that during 1999-2000, nine other
pesticides were used on selected greens, approaches, or tees
in the park golf course—carbaryl, chlorothalonil, lambda-cyh-
alothrin, dithiopyr, iprodione, mancozeb (dithio-carbamate),
proprioconazole, proprionic acid, and thiophenate methyl. Of
these 11 pesticides, laboratory analyses were conducted in the
current study for glyphosate (including degradates), triclopyr,
carbaryl, and proprioconazole in 2005 (Klohe and Debrewer,
2007, appendix 1) and in 2008 (appendix A, table Al). With
the exception of glyphosate and its degradates, however, none
of the above pesticides was detected in any 2005 or 2008
groundwater samples. Glyphosate was detected in the ground-
water sample collected in 2008 from well WE Ba 11 in Fort
Stanton Park, which is managed by the NPS.

Anderson and others (2002) found that almost four dozen
different pesticides were applied to agricultural areas in nearby
Montgomery County, Maryland in 1994 and 1997, including
all the pesticides detected in groundwater in the current study.
Montgomery County immediately borders the northern part
of Washington, D.C. and includes the upper part of the Rock
Creek watershed (fig.1). If similar pesticide uses occurred in
developed lands within Washington, D.C. that border Rock
Creek and other large parks, then multiple types of pesticides
detected in groundwater at selected sites used in the current
study could originate in the developed lands that border park
sites.

Using land use as a surrogate for pesticide use has two
notable limitations. First, at most only a few wells in this study
are located in areas that could be considered almost entirely
developed residential or commercial lands (wells WE Ca 32,
WE Ba 9, WE Cc 3, WW Ac 8§, and WW Bc 9). Second, pes-
ticides were not always detected in shallow groundwater from
wells surrounded by extensive urban development (fig. 10).

Given such limitations, at least several questions arise
that, if answered, may explain variations in pesticide occur-
rence in shallow groundwater:

a. Do pesticide mixtures in shallow groundwater in parks
and other open spaces reflect actual pesticide use
within the parks or open spaces, or do they represent
pesticide uses and groundwater transported from
nearby developed space?

b. Does markedly different pesticide usage exist in devel-
oped space in Washington, D.C. (for example among
residential or commercial areas) that could account for
groundwater samples with minimal pesticide concen-
trations from wells in nearby parkland?

c. Do differences in land use or subsurface infrastructure
(for example, irrigation, density, direction, or age of
storm or sewer drains) account for differences in pesti-
cide detection in parklands bordering developments?

d. How do natural subsurface hydrogeologic conditions
affect the transport and thus presence of pesticides in
shallow groundwater in parklands or other open space?

Given the scope of the current study, only question (d) can be
addressed (see following section).

Hydrogeologic Factors

Hydrogeologic setting affects the occurrence of pesticides
in groundwater both nationally and regionally in the Coastal
Plain and Piedmont Physiographic Provinces. In the surficial
aquifer in the Coastal Plain adjacent to Washington, D.C., pes-
ticides in groundwater occur mostly in well-drained areas with
highly permeable soils and aquifer sediments (Ator, 2008;
Denver and Ator, 2006). Regional studies in the Coastal Plain
adjacent to Washington, D.C. have shown that in recharge
settings that favor the transport of water-soluble pesticides,
the vertical distribution of pesticides in the shallow surficial
aquifer is a function of well depth. Pesticides in these settings
often are accompanied by other anthropogenic contaminants,
such as elevated concentrations of nutrients—presumably
from fertilizers, septic systems, and leaky sewer lines; and
(or) chloride—presumably from septic systems, leaky sewer
lines, or road-salt applications (Ator, 2008; Denver and Ator,
2006; Shedlock and others, 1999; Focazio and others, 1998;
Hamilton and others, 1993).

Pesticide Detections and Types of Surficial
Sediment

Recharge to the unconfined surficial aquifer in the
Anacostia River watershed in Washington, D.C. chiefly is the
result of infiltration in areas with permeable surficial sedi-
ments (S.W. Ator, U.S. Geological Survey, written commun.,
2010). A similar argument can be made in relation to ground-
water in the Rock Creek watershed. One can hypothesize that
the presence of pesticides in groundwater could be related to
differences in the permeability of surficial sediments in the
vicinity of the wells used for this study. Specific wells were
selected or installed to reflect different surficial geologic
materials (table 1). To test this hypothesis, detailed drilling
logs were examined for most of the wells. Wells initially were
grouped by geologic unit, and within each unit, lithologic logs
were examined for the presence of low-permeability sediment
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(A)

EXPLANATION

O WELL WE Ca 32
15 PESTICIDE RESIDUES

LAND USE WITHIN 500-METER-RADIUS
AREA AROUND WELL
99 PERCENT EXTENSIVELY DEVELOPED LANDS
1 PERCENT OPEN SPACE

(B)

EXPLANATION

O WELLWE Ba 11
6 PESTICIDE RESIDUES

LAND USE WITHIN 500-METER-RADIUS
AREA AROUND WELL
77 PERCENT EXTENSIVELY DEVELOPED LANDS
22 PERCENT OPEN SPACE

Figure 8. Examples of extensively developed land within 500 meters of two wells, (A) WE Ca 32 and (B) WE Ba 11, which in
2008 yielded groundwater samples that contained mixtures of six or more different pesticide compounds, lower Anacostia
River watershed, Washington, D.C. [Aerial photographs from U.S. Department of Agriculture (USDA) National Agriculture
Imagery Program (NAIP).]
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(A)

EXPLANATION

O WELL WE Ca 34
NO PESTICIDE RESIDUES

O LAND USE WITHIN 500-METER-RADIUS
AREA AROUND WELL
39 PERCENT LOW-TO-MODERATELY
DEVELOPED LANDS
58 PERCENT OPEN SPACE

(B)

EXPLANATION

O WELLWW Bc 11
NO PESTICIDE RESIDUES

O LAND USE WITHIN 500-METER-RADIUS
AREA AROUND WELL
49 PERCENT LOW-TO-MODERATELY
DEVELOPED LANDS
46 PERCENT OPEN SPACE

Figure 9. Examples of low-to-moderately developed land within 500 meters of two wells, (A) WE Ca 34 and (B) WW Bc
11, which in 2008 yielded groundwater samples that contained no detectable pesticide compounds, lower Rock Creek and
Anacostia River watersheds, Washington, D.C. [Aerial photographs from U.S. Department of Agriculture (USDA) National
Agriculture Imagery Program (NAIP).]
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(A)

(B)

EXPLANATION

O WELL WE Ca 33
1 RESIDUE DETECTED IN 2005
NOT SAMPLED IN 2008

LAND USE WITHIN 500-METER-RADIUS
AREA AROUND WELL

99 PERCENT EXTENSIVELY DEVELOPED LANDS
1 PERCENT OPEN SPACE

EXPLANATION

O WELLWW Bc 8

NO RESIDUES DETECTED IN 2005
NOT SAMPLED IN 2008

LAND USE WITHIN 500-METER-RADIUS
AREA AROUND WELL

93 PERCENT EXTENSIVELY DEVELOPED LANDS
6 PERCENT OPEN SPACE

Figure 10. Examples of extensively developed land within 500 meters of two wells, (A) WE Ca 33 and (B) WW Bc 8, which
in 2005 yielded groundwater samples that contained one or no detectable pesticide compound