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RESULTS OF THE DOMESTIC WELL
WATER-QUALITY STUDY

Vincent Pellerito, Mark P. Neimeister, Elizabeth Wolff, and A. Scott Andres

ABSTRACT

The Delaware Geological Survey conducted a review of existing ground-water quality data collected from shallow (less
than 100 feet deep) domestic water-supply wells and small public water-supply wells (serving fewer than 100 residents) to
determine the extent to which toxic and carcinogenic compounds are present in the shallow ground water serving domestic
water supply wells. These data were generated by several agencies including the Delaware Geological Survey, U.S.
Geological Survey, Delaware Department of Natural Resources and Environmental Control, Delaware Division of Public
Health Office of Drinking Water, and the Delaware Department of Agriculture Pesticide Management Program.
The results of the review indicate that although pesticides and volatile organic compounds are ubiquitous in shallow ground

water throughout the State, concentrations of these compounds rarely exceed maximum contaminant levels. These com-
pounds occur most frequently in wells located in urban/suburban and agricultural areas. The most commonly occurring
volatile organic compounds are PCE and chloroform. Atrazine and alachlor are the most commonly detected pesticides.
These findings are consistent with findings of surveys of pesticides and volatile organic compounds in the nation’s ground
water. The frequency of detection of volatile organic compounds and pesticides in shallow domestic and small public wells
is less than that found in previous surveys of public water wells in Delaware. Nitrate was detected in a majority of wells sam-
pled and concentrations in excess of the maximum contaminant level occur in nearly 18 percent of wells sampled.
Concentrations of nitrate in excess of the maximum contaminant level occur most frequently in wells located in agricultural
areas.
A conservative assessment of risk to domestic water-supply wells from contaminants originating from sites of leaking

underground storage tanks, landfills, chemical spills, and other sources indicates that a small percentage of wells are at sig-
nificant risk of contamination originating from these sites. Data collected through DNREC and ODW programs are not ade-
quate to positively document that the at-risk wells have been sampled. Rather, these programs rely on their staff to review
water quality data sample by sample, and well by well to ensure that public health is protected.

The data management systems used by DNREC and ODW to store and report ground-water quality data are poorly suited
to the task of systematic assessment of the extent to which toxic and carcinogenic compounds are present in the shallow
ground water serving domestic water supply wells. Recently, DNREC and ODW have taken the first step to address this
issue with the requirement that state-issued well permit numbers will be attached to each and every record of water-well sam-
ples collected by these programs. Ideally, all state agencies should manage water-quality data in electronic databases, and, to
the maximum extent possible, standardize database design and functionality.

ACRONYM LIST



INTRODUCTION

This technical report documents both the results of an
assessment of ground-water quality data collected in
Delaware (Fig. 1) from domestic and public water-supply
wells serving populations of less than 100 and an assess-
ment of risk to domestic water-supply wells from known
contaminated sites. The data assessment was accomplished
with pre-existing data that were compiled from electronic
sources distributed through the Internet by the U. S.
Geological Survey (USGS), from computer databases
obtained from the Delaware Division of Public Health
(DPH) and the Delaware Department of Agriculture (DDA),
and from documents and digital document images obtained
from the Site Investigation and Restoration (SIRB) and
Tanks Management (TMB) branches of the Delaware
Department of Natural Resources and Environmental
Control (DNREC). No new samples were collected as part
of this effort. The risk assessment was accomplished by
predicting where ground-water flow would transport pollu-
tants from contaminated sites documented in the DNREC’s
database of contaminated sites.

Previous Assessments

The most recent previous statewide assessments of
ground-water quality primarily focused on public water sup-
plies (Ferrari, 2001; DNREC, 2002). These studies
occurred after media reports of a small number of well con-
tamination incidents increased public awareness of ground-
water contamination. In addition, the National Water
Quality Assessment (NAWQA) program of the USGS has
conducted several studies over the past 15 years that have
evaluated shallow ground-water quality conditions in the
region (Hamilton et al., 1993; Senior, 1996; Stackelberg et
al., 2001; Denver et al., 2004). Data from these NAWQA
studies have been included in a number of nationwide
assessments of ground water (Moran et al., 2004; Squillace
et al., 2002, 2004; Zogorski et al., 2006) and assessments of
state and local ground-water sampling programs (Lapham et
al., 2000). Ground-water and domestic water-supply well
assessments conducted by the State of Delaware during this

time period are limited to specific contaminants (e.g., Blaier
and Baxter, 2000; Fischer, 2003) or targeted areas (Andres,
1991; Blaier, 1994; Baxter and Talley, 1996).
These previous statewide and regional assessments have

documented the widespread occurrence of contamination in
shallow ground water, though with the exception of nitrate,
contaminant concentrations rarely exceed public health pro-
tection standards such as the U. S. Environmental Protection
Agency’s (USEPA) maximum contaminant levels (MCL) or
other similar action levels. In addition to nitrate, the most
common contaminants are part of a class of chemicals
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Figure 1. Map of Delaware



known as volatile organic chemicals (VOCs). The occur-
rences of VOCs in Delaware ground water (Denver et al.,
2004) follow trends that are similar to those observed
throughout the country (Squillace et al., 2004; Zogorski et
al., 2006).
In contrast, a larger number of ground-water quality analy-

ses are conducted in Delaware by consulting firms under the
direction of DNREC for watershed studies or in support of
assessments of point sources of contamination. The results
of these site-specific studies are not published in the peer-
reviewed literature. However, considering the numbers of
studies and ground-water samples collected during these
studies, they have the potential to be a valuable source of
information on ground-water quality. Further, it seems rea-
sonable to expect that data resulting from studies of point
sources of contamination would show that contaminants
occur at higher frequencies and at greater concentrations
than data from regional studies of ground-water quality con-
ditions.

Purpose and Scope

This study was conducted at the request of the
Environmental Subcommittee of the Delaware Cancer
Consortium (DCC) and DPH because of their sense of a con-
cern in the general public that domestic well water may be a
contributing cause of the higher incidence rates of certain
types of cancers in Delaware. Further, a common perception
has been that Delaware ground water is of questionable qual-
ity because of a high concentration of polluting industries,
agricultural pesticide use, and inadequate public sewage
treatment facilities. Because the DGS was aware of the large
volume of ground-water quality data collected through State
and federal programs, we proposed that as a first step toward
evaluating the validity of these concerns, we would compile,
evaluate, and assess these existing data. Project design and
resources did not allow for collection and analysis of any
new samples, though during the course of our project we did
attempt to incorporate new data generated by others into our
effort.
This study was designed to answer these primary ques-

tions:
• What are the overall water-quality conditions in domestic
water-supply wells in terms of exceedances of MCLs or
Health Based Screening Levels (HBSLs)?

• How does water quality in Delaware domestic water-sup-
ply wells compare to water quality in public water supply
wells in terms of exceedances of MCLs or HBSLs?

• How does water quality in Delaware domestic water-sup-
ply wells compare to water quality in wells nationally in
terms of exceedances of MCLs or HBSLs?

• Does proximity of a well to a contaminated site have an
effect in terms of exceedances of MCLs or HBSLs?

• Are there any significant gaps in the distribution of sam-
pling points?
Because this study relies on existing water-quality data,

we cannot document the occurrence of some contaminants
that now are coming to national attention. These include
endocrine disrupting compounds, pharmaceuticals, and other
organic compounds used in industrial and commercial

processes (e.g., perflourooctonoic acid). Assessments of the
effects of domestic plumbing and water-treatment systems
and well construction practices are also beyond the scope of
this study.
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METHODS
There are two main parts of the methodology used in this

study. The first relates to the acquisition of historic ground-
water quality data, development of a database application
(GWQDB) to enter, check, manage, and report data, and
characterization of those data and the wells from which they
were collected. The second part relates to acquisition of
information on known and potential point sources of conta-
mination, assessment of relative risk to ground water from
these sites, and development of a GIS model for assessing
the potential risk to down-flow domestic wells from contam-
inants transported from those sites through the shallow
aquifer.

Data Survey and Data Compilation

A significant effort was devoted to surveying and charac-
terizing historic water-quality data available from digital and
paper records from state and federal agencies. Table 1 lists
the initial data sources surveyed for the project and their rel-
evance to the project goals. It was from this initial survey
that pertinent data sources were chosen and later incorporat-
ed into GWQDB based on project rules.
The rules for well and sample metadata were modified

from the most recent electronic data deliverable policy estab-
lished by USEPA (2003a) and adopted by DNREC (2001).
They also represent the essential data items for a defensible
water-quality database; therefore, they were used to establish
necessary fields for database tables. Schematics represent-
ing the quality assurance and quality control (QA/QC) logic
used by the DGS in its data compilation effort are presented
as Appendix I.
Data from seven agencies were collected and character-

ized (see Appendix II): the U.S. Geological Survey (USGS),
Delaware Division of Public Health – Office of Drinking
Water (DPH-ODW), Delaware Department of Agriculture –
Pesticide Monitoring Program (DDA-PMP), Delaware
Geological Survey (DGS), the U.S. Environmental
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Protection Agency (USEPA), the Delaware Department of
Natural Resources and Environmental Control – Site
Investigation and Restoration Branch (DNREC-SIRB) and
Tanks Management Branch (DNREC-TMB).
These data resources can be categorized as coming from

state or federal sources. The scopes of the water-quality data
collection efforts of these different data resources represent
either ambient ground-water quality studies or studies of
wells possibly impacted by known point-sources of pollu-
tion. Handling these differences in scope from the different
data sources is addressed later in this report.

Federal Data
Delaware ground-water quality data collected between

January 1, 1990 and September 30, 2004 were downloaded
from the USGS NWISWeb Water Data website (waterda-
ta.usgs.gov/nwis) in April 2005. Approximately 61,504
analysis results were downloaded from the website as of
April 2005. The data were then filtered by pertinent para-
meter groups “nutrient,” “major inorganics,” “minor and
trace inorganics,” “organic” and “radiochemicals.” The
parameter groups “biological,” “information” and “physical
property” and data from field analyses were not used.
A total of 22 samples were collected from domestic and

small capacity commercial water supply wells in eastern
Sussex County as part of the Long Neck Mercury Project
(Koterba et al., 2006). This was a joint project conducted by
the USGS, DGS, and DNREC. Samples were analyzed for
nutrients, major/minor elements and organics. Data were
retrieved from the USGS-NWIS site.
Public well water-quality data from the EPA and published

results (USEPA, 1999) were also surveyed for this report.
EPAdata were collected fromThe Office of GroundWater and
Drinking Water website (http://www.epa.gov/safewater/) and
are characterized in Table 1.
The EPA STORET Environmental Data System was also

considered as a data source. This includes both legacy data
from analyses performed before 1998 and modern data
beginning from 1999 to present.

State Data: DPH-ODW
Staff of the DPH-ODW provided electronic files contain-

ing domestic well sampling results from the Private Well
Testing Program for the years 2003 to 2005 (A. Beckel, writ-
ten communication). These records mainly consist of analy-
ses of nutrients and major/minor elements. Public supply
well sampling results were also gathered from the DPH-
ODW and included chemical, biological, radiological, trace
metal and routine (e.g. nitrates) analyses (A. Beckel, written
communication).

State Data: DDA-PMP
Delaware’s Ground-Water Monitoring Program for

Pesticides included a database of domestic and monitoring
well sampling. Domestic well sampling results from 2001
were obtained for this study (G. Stayton, written communi-
cation), along with the sampling results from Blaier and
Baxter (2000).

State Data: DNREC-SIRB
DNREC-SIRB Contaminated Sites Files (CSF) web data-

base was accessed in order to collect ground-water quality
data available for off-site wells impacted by contaminated
sites supervised by DNREC-SIRB. A custom query was
developed with the help of DNREC-SIRB personnel to iden-
tify and gather pertinent documents. Appendix II contains
the search criteria and the breakdown of retrieved documents
from CSF. Additional information on the status of contami-
nation at these sites was provided by DNREC staff (M.
Townshend, written communication).

State Data: DNREC-TMB
DNREC-TMB staff (W. Fischer, written communication)

provided spreadsheets containing information on over 600
sites with known or suspected impact to ground water. Of
these, 57 sites were known to have impacted water-supply
wells. Twelve of these sites were removed from the list
because they fell within a public-water-utility franchise area.
Paper records for the remaining 45 sites were reviewed at the
DNREC-TMB office in New Castle.

Explanation of Data Elements
A complete description of the data elements used in the

database development effort can be found in Appendix III.
The way these elements are mapped into database tables,
relationships, and fields is given as Appendix IV.
In this report we will be using the term sample to represent

a discrete volume of water collected from an individual well
and analyzed by a laboratory. This is in distinction to a sam-
pling event, which is essentially the field identifier listed on
a sampling Chain-Of-Custody form.
A sample is equivalent to a laboratory sample. A specific

analysis method typically is capable of detecting multiple,
and, in some cases, dozens or hundreds of analytes in an
individual sample. Therefore, a sample may have associat-
ed with it numerous records of tested analytes (either detect-
ed or not detected) or analysis results. Analysis results are
unique records of laboratory reported analytes.

Analytical Data Considerations

Analytical results were collated and depicted two ways in
this report. First, sample tallies and contaminant detections
were reported for specific agencies that collected the data.
Secondly, ground-water quality data were combined from
several agencies to assess domestic well drinking-water
quality for Delaware as a whole. To facilitate comparisons
between the different data sources, contaminant assessment
levels (see below) were developed for this report.

Minimum Reporting Limits
For a particular analytical method and analyte, a minimum

reporting limit (MRL) is the smallest measurable concentra-
tion that is statistically reliable (Timme, 1995).
Consequently, concentrations below a MRL are considered
not detected for the sample. Analyte detections, therefore,
are those that were measured above the given MRL.
Laboratory reporting limits for analyses compiled in

GWQDB were highly variable. This is particularly the case

4 Delaware Geological Survey • Open File Report No. 51
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Table 1. Overview of Health Project data sources.

* Priority or significance as data source; scale from 1 to 3; 1-necessary, 2-secondary priority, 3-likely not necessary
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SIRB History 
notes

DNREC Microsoft 
Excel® 
spreadsheet

1 Up to 
5/10/2005

LUST with 
Known 
Ground-Water 
Impact

DNREC Microsoft 
Excel® 
spreadsheet

1 Up to 2005

TMB data for 
sites known to 
have impacted 
drinking water

DNREC-
TMB

Paper Records 
with some 
digital files

1 1990 to 
Present

SDWIS-
SWAPP 
database

DE SWAPP Microsoft® 
Access 
database

2 2002 to 
1/18/2005

DE Pesticide 
Monitoring 
Program

DDA-PMP Microsoft 
Excel® 
spreadsheets

1 1998 to 
Present

DGS RI #61 DDA-PMP
and DGS

Microsoft 
Excel® 
spreadsheet

1 1995 to 
1998

* Priority or significance as data source; scale from 1 to 3; 1-necessary, 2-secondary priority, 3-likely not 
necessary

NAME AGENCY FORMAT PRIORITY* DATES DESCRIPTION

Notes and site histories
obtained from Delaware
Environmental Navigator as
given by Mike Townsend of
DNREC.

Description information for
DNREC-TMB leaking
underground storage tank
sites that are known to have
impacted ground water.

Analytical data and other
documents for drinking
water wells sampled in
response to a tank spill
and/or remediation.

Source Water Assessment
Plan database version 3.01;
Susceptibility of water
systems and detailed PWS
and Well info.

GW Monitoring results for
Pesticide monitoring
program that includes
domestic wells.

Statewide GW monitoring
network established to test
for pesticides in the
unconfined aquifer.
Samples collected from 136
wells and analyzed for up to
9 different pesticides.

Table 1. (cont.) Overview of Health Project data sources.

because the data were collected from different agencies using
different laboratories, sometimes utilizing different analytical
methods (sometimes for the same project). When MRLs
were not included along with results, a default laboratory
MRL was obtained by the laboratory personnel or the MRL
was inferred from the lab report. For example, the “<” values
reported from the various laboratories provided an estimate of
the MRL. In addition, MRLs were inferred by cross-check-
ing with samples analyzed for the same contaminant, on the
same day and utilizing the same laboratory and method
(Lapham et al., 2000). For the purpose of assessing the
ground-water quality records compiled for this study, analy-
ses listed as less than the laboratory MRL are considered as
not detected. However, data collected from USGS NWISWeb
occasionally were listed with an E (estimate) qualifier and so
were assessed as analyte detections, but the concentrations were
not included for any quantitative analyses.

Determination of Assessment Levels for Data Comparisons
One of the difficulties of an investigation that utilizes data

from several agencies and laboratories is evaluating results of
comparable detection sensitivities. Similar studies have
developed assessment levels based on the most frequent MRL
for individual analytes (e.g., Lapham et al., 2000, Moran et
al., 2002, Moran et al., 2004, Squillace et al., 1999, and
Zogorski et al., 2006). A designation of a uniform assessment
level, a common reporting threshold for a group of contami-
nants such as VOCs, is based on the idea that detection fre-
quencies are highly dependent on laboratory MRLs (Lapham
et al., 2000). Therefore, applying a censor of a common
reporting level facilitates comparisons among compounds
and between agencies using similar analytical methods.
In this study, an assessment level of 0.0002 mg/L was cho-

sen for VOC analyses, which retained approximately 81 per-
cent of the VOC analyses compiled in GWQDB (Fig. 2).



This assessment level for VOCs is the same used for nation-
al studies of ambient ground-water quality (e.g., Squillace et
al., 1999, Lapham et al., 2000, Moran et al., 2004 and
Zogorski et al., 2006). For comparisons of pesticide detec-
tions, an adequate assessment level was determined to be
0.0001 mg/L because nearly 98 percent of pesticide analyses
compiled were reported with this or a lower MRL (Fig. 2).
An assessment level of 0.4 mg/L for nitrate represents the
natural background level for the Delmarva Peninsula
(Denver et al., 2004) and retains nearly 100 percent of nitrate
analyses (Fig. 2).

Determination of Detection Frequencies

In assessing domestic well drinking-water quality for
Delaware as a whole, detection frequencies or the percentage
of samples with contaminant detections were calculated and
compared among compounds. Because they impact detec-
tion frequencies, it should also be noted that two kinds of
non-detections are compiled in GWQDB.
Most non-detections compiled in GWQDB are designated

with a “<” reporting limit, which signifies that the contami-
nant was not detected at the MRL. However, oftentimes
non-detects are not reported for each contaminant tested with
the analytical method used. In these cases, a non-detect for
a specific contaminant is inferred from the analytical
method. Only about 4 percent of the records in GWQDB
represent this kind of non-detect analysis result. These kinds
of non-detect analysis results were considered in determin-
ing overall detection frequencies of contaminants.

Determination of Contaminant Exceedances
State and nationally regulated compounds have Maximum

Contaminant Levels (MCLs) that are the only enforceable
standards and represent the highest allowed concentration of
a contaminant in drinking water (USEPA, 2002). Secondary
Maximum Contaminant Levels (SMCL) or Treatment
Technique Action Levels (TT ACTL) are other standards

established by the USEPA by which drinking water can be
assessed. In terms of assessing human health, Health Based
Screening Levels (HBSL) were developed by the USGS and
other agencies to evaluate unregulated contaminants.
HBSLs are of particular pertinence to the purposes of this
study because they were developed for state- or local-scale
water quality assessments (Toccalino et al., 2003). In addi-
tion, HBSLs are based on USEPA methodologies for deter-
mining cancer classification for carcinogenic contaminants.
Discussion on how HBSLs were formulated and how they
should be used is described in Toccalino et al. (2003) and
Toccalino et al. (2004). Concentrations of chemicals in
excess of these values are termed exceedances.
Exceedances of drinking water standards (MCL, SMCL or

TT ACTL for lead and copper) or screening levels (HBSL)
are assessed separately in this report, as suggested by USGS
guidelines on using HBSLs in investigating water-quality
data (Toccalino et al., 2005). However, in assessing the data
compiled into GWQDB, exceedances are grouped for con-
sidering exceedance percentages by groups of contaminants,
that is, VOCs, pesticides, metals and inorganic chemicals
and nutrients (see Results of Water Quality Investigations).
It is important to note that the pilot study (Toccalino et al.,

2004) for utilizing HBSLs for ground-water quality at the
state/local level determined that studies assessing contami-
nants with a human-health context should not censor data to
a common reporting level (assessment level) as they could
lead to a loss of data relevant to human health. With the
assessment levels established for this study, the majority of
analysis results censored were for VOCs (see Fig. 2).
However, only one contaminant for censored analyses, acry-
lonitrile (CASRN 107-13-1), was considered a carcinogenic
compound. Furthermore, all of the analysis results for acry-
lonitrile compiled in GWQDB were less than the given
reporting limit (non-detect). Therefore, the use of a common
reporting limit for VOCs in this report did not censor data
pertinent to human health in terms of assessing concentrations
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of carcinogenic compounds. Furthermore, establishment of
assessment levels allowed for comparison of VOC detec-
tions and determination of detection frequencies based on a
common MRL.

Calculation of Benchmark Quotients for Human-Health
Considerations

Toccalino et al. (2003) suggests the calculation of bench-
mark quotients (BQs) for assessing contaminant concentra-
tions in a human-health context. A human-health benchmark
is the water- quality standard used to determine exceedances
(e.g., MCL or HBSL). BQs in this report were determined
by ascertaining the maximum contaminant concentration for
a given well, in a given year, and then dividing this value by
the value of its human-health benchmark (i.e., the MCL or
HBSL value). Therefore, a single well may have several
BQs calculated. Calculated BQs were then plotted to show
their distribution along a logarithmic axis. A BQ value of 1
signifies that a maximum contaminant concentration met its
human-health benchmark, while a value of 10 signifies that
the maximum concentration was a factor of 10 greater than
its human-health benchmark.
For the purpose of this report, BQ values of 0.1 or greater

are considered potential human-health concerns as suggest-
ed by Toccalino et al. (2004), which is consistent with vari-
ous USEPA practices. Toccalino et al. (2004) further sug-
gests evaluating four other factors besides the magnitudes of
BQ values in assessing contaminant concentrations in a
human-health context. These are (1) detection frequency of
the contaminant, (2) whether the MRLwas above its BM, (3)
well type and water use, and (4) sources and physiochemical
properties of the contaminants. Further information regard-
ing how BQ values should be used and interpreted can be
found in Toccalino et al. (2004).

Ground-Water Quality Database Data
Requirements and Development

The primary scope of the database development effort was
to organize existing drinking water-quality data for shallow
domestic wells. However, the design needed to be flexible
enough for incorporation of a variety of types of information
and for possible future data entry. Data requirements for a
database can often be established by surveying existing data
collection and reporting forms.
Initial data requirements for GWQDB were determined on

the basis of interviews with potential users of the database
and water resource professionals. Later, a conceptual model
was developed using relational database development tech-
niques and subsequently reviewed by potential users and
water resource professionals. In parallel with the conceptu-
al development of the database, QA rules were established to
aid in assessing the efficacy of data prior to populating the
database.
In a database conceptual model, the defined entities (i.e.,

tables) and their relationships are portrayed in a graphical
form (e.g., as an Entity-Relationship diagram) and used to
establish business rules of the database. The database con-
ceptual model was developed using a computer assisted soft-
ware engineering (CASE) tool, Microsoft Visio® drawing

and diagramming software. Figure 3 diagrams the tables,
relationships, and business rules for the core tables in the
GWQDB. A written description of all tables, fields, and
table relationships is included as Appendix IV of this report.

Development of Rules to Assess Available
Water-Quality Data and Metadata

The data compiled in this work were generated by many
studies conducted by multiple consulting firms, state agen-
cies, and the USGS. Though there are many similarities
between the various studies, the sampling and analytic pro-
tocols, methods, and reporting standards have some differ-
ences and reflect the programmatic and scientific goals of
the various entities and studies. As a result, the inferences
and conclusions drawn from these data are limited to the
areas where there are commonalities in protocols, methods,
and reporting standards between the studies. In addition, our
efforts provide information useful for assessing aspects of
the data collection, management, and reporting systems
employed.
For water- quality data to be most useful for assessing the

chemical quality of ground water being pumped from shallow
domestic water supply wells a variety of additional informa-
tion, or metadata, are necessary to assess whether the sample is
representative of ground water or is an artifact of the sample
collection and analytic processes (Alley, 1993; Mackay and
Smith, 1993). In many cases, the metadata requirements are
specified in protocols. Sampling protocols describe or refer-
ence how samples are collected, stored, and transported to the
laboratory. Sampling protocols also specify that other infor-
mation be recorded regarding date and time of collection, per-
sonnel and agency responsible for collection, location and
description of the sampling point, and field measurement of
sample properties such as temperature, pH, and specific con-
ductance. Analytic protocols describe or reference the labora-
tory procedures used to measure the concentrations of chemi-
cals in samples and the quality assurance and quality control
systems that assure that the laboratory instruments are per-
forming within predefined standards (which includes the detec-
tion limits). Reporting protocols describe or reference the
quality assurance and quality control (QA/QC) systems that
assure that the analytic data are reported accurately and with
the appropriate detection limits and precisions. (Alley, 1993;
Lapham et al., 2000). Table 2 summarizes the availability of
these metadata by agency and program.

Importance of Well Metadata

Throughout Delaware, ground water is being pumped
from multiple depths and aquifers. The depth and aquifer
being used by a particular well determine the natural chem-
istry of water pumped from the well and will determine if a
well can be contaminated by a pollution source located on or
near land surface. Hence, information about the well being
sampled is the key element for evaluating ground-water
quality data. Information about the well and plumbing sys-
tems allows evaluation of the potential affects that construc-
tion materials and methods and pumping equipment and
plumbing may have on the sample. Missing or ambiguous
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well information limits the inferences and conclusions about
ground water that can be made from the water- quality data.
Well information requirements are sometimes included in
the sampling protocol. Information typically collected about
wells includes, but is not limited to, depth interval of the
screen or open area, well construction materials and sizes,
date and method of construction, and pumping and plumbing
systems.
In Delaware, well information is available from the State

DNREC’s well permitting system and database. Beginning
in the mid-1970s all water-supply wells installed in
Delaware were required to have State-issued well permits
and to meet standards regarding construction methods and
reporting. Some records are available for wells constructed
prior to the permitting system, most frequently for the larger
public, industrial, and irrigation supply wells. Since the per-
mitting process was established, almost all wells have been
installed by licensed contractors, who also are required to
submit well-completion reports containing information

about the methods and materials used for each well. For
many years, a key limitation of the database has been that the
locations of the permitted wells were not accurately report-
ed. Sometimes, this required significant work to acquire
information about wells.
The system has been greatly improved through the years.

Beginning in 1985, all wells were required to have clearly
visible well tags showing the well permit number. This
allows anyone who is on the site, such as a person collecting
a water sample, to easily acquire the well permit number and
access the well completion information. Beginning in the
mid-1990s increased use of the database, GIS technology,
and sharing of tax-parcel data for counties has allowed well
permits to be linked to tax parcels and accurate location
information to be assigned to all wells permitted since that
time. Through individual projects and ongoing programs at
the DGS and DNREC, locations have been assigned to over
50,200 of the approximately 96,400 water-supply wells in
the DGS database. Efforts are ongoing to assign locations to
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the backlog of older wells that do not have location data. In
summary, there are very few obstacles to collection of accu-
rate well data for a vast majority of existing wells.

Modeling Contaminant Flow
Paths and Risk Zones

One of the objectives of this study was to assess the spa-
tial relationships between known and potential contaminant
sources and water quality in samples collected from wells.
Information about locations and types of contaminants asso-
ciated with known and potential sources of contamination
were obtained from files of SIRB CSF database. Sites from
SIRB were included in the list of known and potential cont-
aminant sources only where the sites had known or potential
ground-water impacts. In addition, known or potential
sources from the TMB included those sites where ground-
water contamination had been documented, or the sites that
were classified as having had leaking tanks (Fig. 4). The
SIRB sites determined to have a potential impact on ground-
water are those where soil tests yielded positive detections of
contaminants. In the following discussion these sites will be
referred to as contaminated sites or contaminant sources.
Information about the locations and construction details of
wells was obtained from the State’s water-well permitting
database.
As a first step, some of the contaminant sources were

removed from the analysis. Because actively used domestic
water supply and small public water supply wells are much

less likely to be located within public water supply franchise
areas, known and potential contaminant sources located
more than 1 km inside of the boundaries of public water sup-
ply franchise areas were removed from the analysis. The 1
km buffer zone was chosen in the event that contaminants
entering the ground in this area could travel to locations out-
side of the buffer zone and be pumped by domestic wells.
Risk zones for these contaminated sites were delineated by

computing distances and directions that a conservative
ground-water contaminant from these sites would travel in
10 years. Particle track model predicts a worst case condi-
tion with respect to ground-water contamination and risk to
wells because the mass of contaminants from any site are not
part of the calculation, and reactivity, sorption, or decay
characteristics of the contaminants are assumed to be negli-
gible.
For example, this approach is considered worst case in

terms of mass in that this approach would consider a site
with 10 kg of contaminant to result in the same risk as a site
with 100 kg of contaminant. Addition of terms representing
contaminant reactivity, sorption, or decay to the calculation
will reduce the contaminant concentrations in the aquifer
with distance from the contaminant source area.
A 10-year time of travel (TOT) is of intermediate length

compared to other risk assessment models (Lytton et al.,
2003; Maxwell and Kastenberg, 1999). Delaware uses a
five-year TOT for identifying public water supply wellhead
protection areas (DNREC, 1990, 1999).
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Program
Data 

Types
Well 

Metadata
Sample 

Metadata
Sample 
Method

Analytic 
Metadata

Analytic 
Method*

Reporting 
Metadata

USGS V,M,A,P,R C C C C C C

DDA P C C C C A C

DPH 
(PWSP)

M,A,B N R N C C K

DPH 
(PUB)

V,M,A,P,R S U U C C C

SIRB V,M,A R S U C C C

TMB F R S U C C C

PWSP = Private Wells Sampling Program; PUB = public supply wells
Data Types - V - Volatile Organics, M - Metals, A - Anions, P - Pesticides, R - Radionuclides, B - bacteriological, F 
- petroleum components
Report card codes - C- consistently, U - usually, S - sometimes, R - rarely, N - never, K - unknown, 

*Analytic Method- C - consistent and standard method, A - alternate method

Table 2. Data suitability by agency and program.



The basic concepts of this approach are illustrated in
Figure 5. Contaminated sites are represented as points.
Ground-water flow directions and distances from contami-
nated sites were computed using the Groundwater Darcy
Velocity & Particle Tracking tools (ESRI, 2003). The tools
compute ground-water flow distances and directions in two-
dimensional space (i.e., aquifer of uniform thickness) by
solving the equation for flow velocity and direction
(V=dl/dt):

V = (K* i)/n = dl/dt (1)

Where:

V = velocity (l/t)

dl = change in distance (l)

dt = change in time (t = 10 years)

K = hydraulic conductivity (l/t)

i = gradient of water table (dimensionless)

n = porosity (dimensionless)

Gradient direction (azimuth) and slope (magnitude) were
determined with the Spatial Analyst tool (ESRI, 2002) from
floating point grids of water-table elevation (WTE). These
grids were computed from integer-value minimum WTE
grids for Sussex and Kent counties and the coastal plain por-
tion of New Castle County (Andres and Martin, 2004;
Martin and Andres, 2005a, b, c). Gridded spatial distribu-
tions of hydraulic conductivity (K) and porosity (n) were
derived from the digital ground-water recharge potential
maps of Kent and Sussex counties (Andres et al., 2002) and
statistical relationships between recharge potential and K
and n reported by Andres (2004). Table 3 lists the recharge
potential classes and the respective K and n values. The
averaged K and n value of all recharge potential categories
was used in estimating K for the Coastal Plain portion of
New Castle County.
The resultant particle tracklines were rotated 5 degrees

from the point of origin in both directions from the pathline
to account for uncertainty in the flow direction and to
approximate diffusion and dispersion in directions perpen-
dicular to flow. The resultant line pairs were then joined into
polygons. Buffer zones with logarithmically expanding dis-
tances of 30.5, 100, and 305 m were then drawn around each
polygon. This was done to compensate for the fact that the
sites were simulated as points rather than areas. Internal
polygon boundaries were removed with the dissolve tool
where the polygons intersected. The buffer zones were then
spatially joined to the original points that represent contam-
inated sites. This allows for the attributes of the contaminat-
ed sites (e.g., contaminant types and DNREC program) to be
associated with the polygons and their respective buffer
areas. An example of the estimated tracklines and appropri-
ate buffers are illustrated in Figure 6.

Risk Assessment Methodology
All domestic wells located within the polygons and buffers

were selected from the DGS internal database for further
investigation. The wells were flagged with information
regarding the polygon and buffer zone in which they were
located. Similar to the buffer zones, the selected wells were
spatially joined to attributes of the contaminated sites, asso-
ciating the well with a possible contaminant type and
DNREC program.
The selected wells were assigned a risk to ground- water

contamination level using the matrix shown in Table 4. The
risk matrix accounts for depths of wells and their distances
in the down- gradient directions from the contaminated sites,
contaminant mobility, derived from the water solubilities of
the compounds (Yaws, 1999), and the status of ground-water
contamination (known or potential). Values for each risk cri-
terion range from 1-4, with the higher risk assigned the
lower value. Risk criteria were totaled for each well and risk
to each well was classified high, medium, or low, depending
upon this total value.

Modeling Capture Zones
In an effort to evaluate whether there is a correlation

between land use land cover (LULC) around sampled wells
and observed water quality, “capture zones” were delineated
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Figure 4. Map of known and potential sources of ground-water
contamination.



for those wells where contaminants were detected. The
method of creating the capture zones was computed in a sim-
ilar manner to the risk zone creation process; however, par-
ticle track lines were computed in an upgradient direction
from the wells. A 100m buffer was applied to each trackline.
The capture zones were intersected with 1997 LULC data
(www.DataMil.gov). Only the land use types that occupied
at least 25 percent of the capture zone were considered in
this evaluation. Because LULC often varies significantly
over a capture zone, a single well’s water chemistry data can

be associated with multiple LULC categories. For example,
one well can be associated with two LULC types (agricul-
ture, urban, and suburban) and two contaminant classes
(metals and inorganic chemicals, nitrate).

RESULTS OFWATER-QUALITY
INVESTIGATION

The results of the study are presented in terms of the main
efforts of the study. The first relates to assessment of data
sources and the water-quality data. The second is focused on
assessment of risk to domestic wells from contaminated sites.

Water-Quality Data and Metadata

Because of the different program goals of the various
agencies collecting water-quality data, many sample records
were rejected for not meeting project parameters, or the sam-
ple metadata did not meet the QA requirements of this study.
As mentioned previously, a key QA filter for accepting or
rejecting sample records is the presence or absence of con-
struction data for the sampled well.
In some cases, sample records were not used because con-

struction data for the sampled well indicated that the sample
was pumped from a confined aquifer and from depths in the
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Figure 5. Generalized illustration of contaminant flow-path model.

RECHARGE 
CLASS POROSITY

Excellent 0.34
Good 0.34
Fair 0.27
Poor 0.24
New Castle County 0.29

HYDRAULIC 
CONDUCTIVITY

(M/DAY)

21.64
15.54
7.32
1.52
9.75

Table 3. Input data for contaminant flow-path modeling. Porosity
and hydraulic conductivity values from Andres (2002). Hydraulic
conductivity for New Castle County is geometric mean of all
recharge classes.

www.DataMil.gov


unconfined aquifer greater than 100 feet that are much less
susceptible to contamination introduced near land surface.
However, in most cases, data were rejected because of a lack
of adequate well or sample metadata. The end result was
that the data were not adequate to address some of the pri-
mary questions that we posed.

DNREC-SIRB Data Assessment

The DNREC-SIRB CSF on-line document resource con-
tains tens of thousands of document images on sites investi-
gated by DNREC-SIRB or under the direction of DNREC-
SIRB. The supporting metadata permit keyword searching,
and this process resulted in retrieval of nearly 4,800 docu-
ments. However, because DNREC-SIRB does not maintain
a central database that specifically identifies sites known to
have impacted ground water, a page by page review of these
documents was necessary.

In many instances, individual documents were sections or
chapters of whole reports. A vast majority of the documents
contained no water chemistry data. After surveying these
records for sampling of offsite domestic wells, numerous
documents covering investigations at approximately 25 sites
were identified as having sampled offsite domestic wells.
Several hundred person hours were spent characterizing
multiple documents from a total of twelve DNREC-SIRB
sites. This, of course, does not represent our complete effort
to search the DNREC-SIRB CSF. DNREC-SIRB personnel
and project officers were contacted and surveyed to deter-
mine if they had any personal knowledge on possible sites of
interest. This effort resulted in no additional pertinent infor-
mation.
Of the project records perused on the DNREC-SIRB CSF

web database, 85 domestic wells were identified as having
ground-water quality data. We were able to find or match
DNREC permit numbers for 14 of those wells. Of those 14,
nine have sufficient metadata in the state’s well permitting
database. Of these nine wells, only three wells were
screened in the unconfined aquifer. Following application of
QA rules for sample metadata, only two samples were incor-
porated into the database. Both samples contained no
detectable contaminants (Table 5).
An important characteristic of the DNREC-SIRB data is that

the sampled wells were not randomly selected from all domes-
tic wells, but rather the well locations are biased by proximity
to contaminated sites. This was done by design to assess
whether proximity to contaminated sites has an effect on water
quality in the shallow aquifer. The number of wells in this
dataset would have to be much greater to assess this issue.

DNREC-TMB Data Assessment

A total of 57 sites were selected by DNREC-TMB staff as
having known impact to offsite wells. Twelve of those sites
were eliminated because they fell within public-water-utility
franchise areas. Similar to the experience with DNREC-
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Figure 6. Generalized illustration of flow-path model results. 3-
Dimensional scene displaying pathlines, buffers, and WTE (ESRI
ArcScene ).

VALUE
IMPACT OF 

CONTAMINATION
WELL SCREEN 
DEPTH (FEET)

DISTANCE FROM 
CONTAMINATION

MOBILITY OF 
CONTAMINANT 

FX(H2O SOLUBILITY 
PPM)

Known Ground-Water 
Impact

Less than or equal to 
50'

Well located within 
the immediate 

contaminant plume 104 - 106

Potential Ground-
Water Impact

Greater than 50’ & 
less than 100'

Well located within
the 30.5m buffer of 

the contaminant 
plume

102 - 104

N/A Greater than 100’
Well located within 

the 100m buffer of the 
contaminant plume

0 – 102

1

2

3

4
N/A N/A

Well located within 
the 305m buffer of the 

contaminant plume
N/A

Table 4. Decision matrix for assigning risk levels to domestic wells located in risk zones.



SIRB, site investigations lacked well permit identifiers.
Most records contained no information on water use, depth,
or owner. Because this experience was similar to DNREC-
SIRB CSF records, only a portion of all sites were surveyed.
Of the 22 sites surveyed by DGS staff, DNREC-TMB files
contained data for 177 wells. Approximately 31 percent or
54 domestic wells were matched with DNREC well permit
numbers. Water use and depth requirements of the project
narrowed the number of sampled wells compiled for this
study to 20.
Generally speaking, analytical data recovered from

DNREC-TMB files met sample metadata requirements;
however, the list of tested analytes is limited to gasoline and
fuel related compounds. In addition, few of those samples
were attributable to a known DNREC well permit number.
A total of 435 samples were collected from DNREC-TMB
files and only 109 samples remained after attempts to identi-
fy a sample with a DNREC well permit number. Of those
109 samples, a total of 48 samples were incorporated into
GWQDB that were for wells that met project pertinent para-
meters, giving approximately 57 analysis results (Table 5).
An important characteristic of the DNREC-TMB data is

that the sampled wells were not randomly selected from all
domestic wells, but rather the well locations are biased by
proximity to contaminated sites. This was done by design to
assess whether proximity to contaminated sites has an effect
on water quality in the shallow aquifer. The number of wells
in this dataset was marginally adequate to assess this issue.

DPH-ODW Data Assessment

Public well ground-water quality data for small public
water systems (PWS) (serving <100 persons) included
records for over 6,000 samples collected from 1993 to 2005.
Sample metadata indicated that nearly 1,400 discreet wells
were sampled. This number of wells is not realistic, indicat-
ing that multiple identifiers were assigned for the same
wells. Linking samples by address and/or well owner and
the DPH-ODW identifier for the well matched 133 wells to
permit numbers in the DNREC well permitting and Source
Water Assessment Program databases. Of those wells, 35
matched project parameters, approximately 3 percent of the
original public wells estimate.
The public supply well data (serving <100 persons)

obtained from DPH-ODW contained 6,265 sample records.
Compliant samples from this dataset, that is, samples that
met QA standards, made up about 2 percent (94 samples) of
the total samples. Of these 94 compliant samples, 18 are for

organic chemical analysis, 12 for trace metal analysis and 64
for routine (mostly nitrate) analysis.
Domestic well ground-water quality data from 2,800 sam-

pling events of numerous wells generated by the PrivateWell
Sampling Program were also obtained from DPH-ODW
staff. These records, collected from 2003 to 2005, contain
analyses of a limited suite of inorganic compounds with
nitrate being the chemical constituent of interest for this
study. DGS staff members were able to match 138 wells to
DNREC well permit numbers based on well owner and/or
address. Of those 138 matched wells, 27 met project para-
meters and were included in the GWQDB. These pertinent
domestic and public wells produced a total of 122 samples,
and 461 analysis results (Table 5).
There were 3,209 domestic well samples collected from

DPH-ODW (2003-2005 domestic well data). Less than 1
percent of samples complied with the QA standards for this
study or approximately 31 samples. All of these samples
were tested for nitrate.

DDA-PMP Data Assessment

Of the domestic wells analyzed for the DDA-PMP, all but
two were retained following application of QA standards to
DDA-PMP data. These wells also met project parameters as
the scope of the DDA-PMP and this study are similar.
Domestic well ground-water quality samples in this dataset
numbered 321 with 454 total analysis results, representing a
date range from 1995 to 1998 and 2001 (Table 5).

USGS-NWIS Data Assessment

A total of 61,504 analysis results were downloaded from
the USGS-NWISWeb Water Data website as of April, 2005.
Applying project parameters to the USGS data narrowed the
pertinent wells in the USGS dataset to 42, producing 108
samples and 3,545 analysis results (Table 5). No records
were removed from the USGS-NWIS dataset as a result of
failing project QA standards for sample or well data.

EPA Data Assessment

Public well ground-water quality data surveyed for this
report were also collected from EPA’s Office of Ground Water
and Drinking Water website (http://www.epa.gov/safewater/).
No data are reported for Delaware PWSs serving less than 100
persons in the Safe Drinking Water Act Unregulated
Contaminants Monitoring Program (SDWA-UCMP) for 1999
List 1 and 2 Chemicals. SDWA National Contaminant
Occurrence database (NCODB), Round 1 andRound 2 sampling
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AGENCY WELLS SAMPLES ANALYSIS RESULTS DATE RANGE

DNREC-SIRB 2 2 2 1990

DNREC-TMB 20 48 57 1999-2005

DPH-ODW 62 122 461 1993-2005

DDA-PMP 83 321 454 1995-1998, 2001

NWIS 42 108 3,545 1990 -2005

Total 209 601 4,519 1990-2005

Table 5. Numbers of wells, samples, and analyses used in this study.

http://www.epa.gov/safewater/


(1988-1997) also does not contain data for Delaware PWS serv-
ing less than 100 persons. The EPA also performed a six-year
review study in 1998 under the SDWAbut data in this study did
not include Delaware wells.
Ground-water quality data downloaded from the Safe

Drinking Water Information System (SDWIS) were compiled
from known MCL violations reported by State agencies and,
therefore, represent duplicate samples. Furthermore, these data
are presented as aggregated concentration values. Therefore,
data from the SDWIS were not incorporated into GWQDB and
not explicitly considered for this report.
No STORET data were included in the study as only sur-

face-water quality data were available for Delaware.

Data Characterization

Samples from 209 wells are included in this study.
Sampled wells are distributed throughout the state (Fig. 7).
Varying numbers of samples from these wells were analyzed
for four classes of contaminants; pesticides, metals and inor-
ganic chemicals, nutrients, and VOCs (Tables 6A and 6B).
Nutrient data include analyses of nitrate-nitrogen, nitrite plus
nitrate-nitrogen and ammonia-nitrogen. VOCs also include
other organic chemicals not typically considered as a VOC
(e.g., MTBE).
Record tallies in Table 6A and 6B are categorized by

agency and broken down into detections and non-detections.
Non-detections are those analyses that were reported below
the MRL. Exceedances are presented in the table and repre-
sent concentration exceedances for regulated (MCL) and
unregulated compounds (SMCL, TT ACTL or HBSL).
Tallies of exceedances are considered separate from totals
because they were already included in the number of detec-
tions (Tables 6A and 6B). It should be kept in mind that the
percentage of wells with detections/non-detections displayed
in Table 6B represents data that met all metadata require-
ments for this study and are not representative of the total
data collected from the different agencies. In addition, dif-
ferences in contaminant class percentages between Tables
6A and 6B are the result of multiple samplings for many
wells.

Exceedances - All Contaminant Classes

Concentrations of compounds exceeding primary or sec-
ondary MCLs and HBSLs for wells varied by contaminant
class (Table 6B and Figs. 8 A-D). For pesticides, approxi-
mately 67 percent of wells exhibited detections with 5 per-
cent of those exceeding an MCL or HBSL (Fig. 8A).
Approximately 73 percent of wells exhibited VOC detec-
tions with concentrations exceeding an MCL or HBSL in
about two percent of wells (Fig. 8D). In a recent study of 30
public wells, Ferrari (2001) found none of the sampled wells
had exceedances for pesticides or VOCs.
Similarly, approximately 16 percent of metal and inorgan-

ic chemical analyses exceeded standards (Fig. 8D).
However, many more detections, about 95 percent of trace
metal and major ion samples, were recorded for this class of
contaminants than for any other in GWQDB (Fig. 8B).

Overall, nitrate makes up the largest proportion of contami-
nant concentration exceedances in GWQDB with 18 percent
of analysis results exceeding the MCL (Fig. 8C).

Pesticides

Pesticides, with herbicides, insecticides, and fungicides as
the most common pesticide types, are widely used in
Delaware, with the largest quantities used by agriculture
(Denver et al., 2004; Blaier and Baxter, 2000). A total of
nine pesticides or pesticide degradants were detected
(Figures 8 and 9) in two-thirds of the wells sampled (Table
6B). This proportion is lower than for public wells where 90
percent of wells sampled in one study had detectable pesti-
cides or pesticide degradants (Ferrari, 2001). Of the pesti-
cides with a national or state MCL, alachlor, atrazine and
simazine constitute the majority of detections for domestic
wells compiled into GWQDB (Fig. 9).
Seven of the 124 alachlor detections were at concentrations

above the USEPAMCL (0.003 mg/L). Alachlor was detected
in 46 wells (Table 7), with 30 wells having alachlor detected in
multiple samples. No other regulated pesticides were detected
with concentrations above their MCL (Fig. 9).Alachlor had the
highest detection frequency at 45 percent (using an assessment
level of 0.0001mg/L) of all analyses and 43 percent of all wells
sampled for pesticides (Table 7). Atrazine, metolachlor and
simazine also had detection frequencies greater than 10 percent
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Figure 7. Location map of sampled wells.
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Table 6A. Detection and exceedance tallies of analyses by contaminant class and agency for data 
compiled in GWQDBa.

ANALYSIS 
RESULTS PESTICIDE

METALS AND 
INORGANICS NUTRIENTS VOC

AGENCY
TOTAL

Exceedanced 1 2 6 1 10
Detect 14 471 53 45 583
Non-Detect 655 135 45 2,127 2,962
Total 669 606 98 2,172 3,545

DDA-PMP
Exceedanced 7 0 NA 0 7
Detect 306 8 NA 2 316
Non-Detect 138 0 NA 0 138
Total 444 8 NA 2 454

Exceedanced 4 18 16 0 38
Detect 9 123 55 3 190
Non-Detect 0 210 60 1 271
Total 9 333 115 4 461

DNREC-TMB
Exceedanced NA 0 NA 12 12
Detect NA 4 NA 36 40
Non-Detect NA 0 NA 17 17
Total NA 4 NA 53 57
Class Total 1,122 951 213 2,231 4,517

NA- Not available 
a Detect means that the contaminant was found above the lab minimum reporting level, while non-detect 
means that the contaminant was not found above the lab minimum reporting level. 
b Comprised of nitrate -nitrogen, nitrite -nitrogen, nitrite plus nitrate, and ammonia analyses.
c Includes other organic compounds 
d Exceedances were not included in analysis result totals because they were already considered as detect. 

USGS-NWIS

b c

DPH-ODW

Table 6B. Detections and exceedance tallies of wells by contaminant class and agency  for data compiled in 
GWQDBa.

WELLS PESTICIDE
METALS AND 
INORGANICS NUTRIENTSb VOCc

USGS-NWIS
Exceedance 1 2 5 1

Detect 5 42 35 17
Non-Detect 17 0 7 3

PDDA- MP
Exceedance 3 0 NA 0

Detect 65 8 NA 2
Non-Detect 18 0 NA 0

DPH-ODW
Exceedance 1 13 14 0

Detect 1 33 44 2
Non-Detect 0 3 17 1

DNREC-TMB
Exceedance NA 0 NA 6

Detect NA 3 NA 11
Non-Detect NA 2 NA 8

Exceedance 5% 16% 18% 2%
Detect 67% 95% 77% 73%

Non-Detect 33% 5% 23% 27%

NA – Not available 
a Detect means that the contaminant was found above the lab minimum reporting level, while non-detect 
means that the contaminant was not found above the lab minimum reporting level. 
b Comprised of nitrate -nitrogen, nitrite -nitrogen, nitrite plus nitrate, and ammonia analyses  
c Includes other organic compounds 

CONTAMINANT CLASS PERCENTAGES

Table 6A. Detection and exceedance tallies of analyses by contaminant and agency for data
compiled in GWQDBa.

Table 6B. Detections and exceedance tallies of wells by contaminant and agency for data com-
piled in GWQDBa.



(Table 7). These four most frequently detected pesticides are
commonly found in domestic supply ground water of the
Delmarva Peninsula and with similar detection frequencies
(Denver et al., 2004). The one exception is alachlor with a
higher frequency of detections reported here compared with
approximately 5 percent reported in Denver et al. (2004).
Most pesticides are unregulated, yet many of them are listed

on the USGS HBSL webpage (http://infotrek.er.usgs.gov/tra-
verse/f?p=HBSL:HOME:1414439475200153466), and have
HBSLs to assess human health. The number of pesticides with
USGS HBSLs has been growing, from the 78 studied in
Toccalino et al. (2004) to the 158 currently on the list
(http://infotrek.er.usgs.gov/traverse/f?p=HBSL:HOME:14144
39475200153466). Nonetheless, only five unregulated pesti-
cides with detections were compiled in GWQDB (Fig. 10).
Metolachlor, an agricultural herbicide, is the most fre-

quently detected pesticide that does not have an MCL, with
a detection frequency of 26 percent and occurring in 24 wells
(Table 7), with 15 wells having metolachlor detected in mul-
tiple samples. Dieldrin, an herbicide that has not been used
in the United States since 1987 (USEPA, 2003b), was detect-

ed in two samples for two wells, one in November of 1995
and one in June of 2001. Both detections have concentra-
tions exceeding the HBSL of 0.000002 mg/L (Fig. 10).
Combinations of pesticides were common in many sam-

ples. The two most commonly co-occurring regulated pesti-
cides, alachlor and atrazine, were detected together in about
15 percent of the total number of wells sampled for pesti-
cides (106 wells). Similarly, the combination of alachlor and
metolachlor occurred in 17 percent of the total number of
wells sampled for pesticides, while approximately 13 per-
cent of wells detected the three most commonly occurring
pesticides, alachlor, atrazine and metolachlor. The next most
common combination of pesticides was atrazine and
simazine at only 6 percent of wells sampled for pesticides.
These percentages of pesticide mixtures are determined for
detections based on original MRLs, that is, not based on a
common assessment level of 0.0001 mg/L.
The frequencies of these pesticides occurring together are

similar to slightly lower than those determined for a nation-
al assessment of ground water where approximately 20 per-
cent of 2,227 sites detected two or more pesticides (Barbash
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Figure 8. Summary charts of detection and exceedance proportions for sampled wells in terms of contaminant classes. Below MRL refers to
non-detections as they represent analyses of contaminants that were not detected above the laboratory minimum reporting limit. Nutrient
analysis results include nitrate-nitrogen, nitrite-nitrogen, nitrite plus nitrate-nitrogen and ammonia.
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CONTAMINANT WELLS SAMPLES
DETECTION 

FREQUENCY a BM TYPE
VALUE 
(mg/L)

VOC
MTBE 1634-04-4 10 11 18% MCL 0.01 c

Chloroform 67-66-3 4 4 10% -- --
PCE 127-18-4 2 2 4% MCL 0.005
TAME 994-05-8 2 2 4% -- --
BDCM 75-27-4 1 2 4% -- --
Trichloroethylene 79-01-6 1 1 2% MCL 0.005
Pesticides
Alachlor 159752-60-8 46 123 45% MCL 0.002
Atrazine 1912-24-9 36 83 36% MCL 0.003
Metolachlor 51218-45-2 24 50 26% HBSL 0.07
Simazine 122-34-9 8 22 13% MCL 0.004
Cyanazine 21725-46-2 5 9 6% HBSL 0.001
Carbofuran 1563-66-2 2 2 1% MCL 0.04
Dieldrin 60-57-1 b b b HBSL 0.000002
Nutrients
Nitrate (includes nitrite plus 
nitrate)

79 99 76% MCL 10

a
Detection frequency based on assessment levels: 0.0002 mg/L for VOC, 0.0001 mg/L for Pesticides and 0.4 mg/L for Nitrate.

 b Only two detections occur, but these were censored because their MRL was above the assessment level. In addition, the HBSL for Dieldrin is 

 c MCL for MTBE is established by Delaware (16 Delaware Code, Chapter 1, Section 122 (3))
much lower than the MRL or the pesticide assessment level.

Table 7. Detection frequency for selected contaminants. Regulated (MCL) and unregulated (HBSL) compounds are listed with their
water quality standard (benchmark type). Four of the VOCs listed do not currently have a primary, secondary or screening level bench-
mark type (BM Type).
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Figure 9. Majority of analysis results for regulated pesticides, those having an MCL. Analyte tallies were determined from a total of
221 samples analyzed for pesticides and compiled into GWQDB. An exceedance tally is part of the detection tally shown for a specif-
ic contaminant.
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Figure 10. Majority of analysis results for unregulated pesticides, those having an HBSL. Analyte tallies were determined
from a total of 221 samples analyzed for pesticides and compiled into GWQDB. An exceedance tally is part of the detec-
tion tally shown for a specific contaminant.

et al., 1999). However, the most frequently occurring of the
pesticides in the national assessment found by Barbash et al.
(1999), were atrazine, DEA (an atrazine degradate), and
simazine. The most commonly occurring pesticides in this
study (alachlor, atrazine, metolachlor, and simazine) are con-
sistent with what has been detected in ground water for the
Delmarva region (Denver et al., 2004).
When the BQ values of the most frequently detected pesti-

cides are calculated from contaminant concentrations for indi-
vidual wells (Fig. 11), three pesticides (alachlor, atrazine and
simazine) have BQ values that are above 10percent of their
benchmark (MCLs). Some alachlor analyses also exceeded
their benchmark of 0.002 mg/L (Fig. 11). Metolachlor BQ val-
ues did not fall within the range of potential human-health con-
cern (within 10 percent of its BM) even though it was a fre-
quently detected pesticide. Conversely, cyanazine BQ values
do occur above 10 percent of its benchmark (Fig.10); howev-
er, it was not a frequently detected pesticide (Table 7). The
magnitudes of BQ values for alachlor, atrazine, and simazine
are of concern particularly because their significant (greater
than 10 percent) frequency of detection. However, none of
these compounds are considered carcinogenic by the USEPA
(as listed in the HBSL database of contaminants
http://infotrek.er.usgs.gov/traverse/f?p=169:1:1414439475200
153466::NO).
In terms of land use, these frequently detected pesticides

are distributed fairly randomly across the state (Fig. 12).
Similarly, high magnitude BQ values are not preferentially
distributed within the state (Fig. 12).

Trace Metals and Major Ions

Numerous samples were analyzed for trace metals and major
ions (i.e., metals and inorganic chemicals) and many detec-
tions were recorded (Fig. 13). Most of these metals and
major ions are naturally occurring as trace components of
rock-forming minerals or sea water, and have the potential to
be present at very low concentrations in ground water.
Higher concentrations of many of these metals and major
ions may indicate contamination. Iron, a naturally occurring
chemical in Delaware ground water, was sampled the most
frequently with 42 detections compiled into GWQDB; 19 of
those detections exceeded the SMCL of 0.3 mg/L (Fig. 13).
Lead was also detected in one sample with a concentration
greater than the TTACTL of 0.015 mg/L (Fig. 13). Sampling
metadata for this sample are not adequate to determine if the
lead was present in the ground water or was a result of sam-
ple collection or water system issues.

Nitrate, Nitrite, and Ammonium

A total of 133 nutrient samples were compiled into
GWQDB with nitrate and nitrite analyses comprising the
majority of these results. Because nitrite is so rarely detect-
ed, analyses of nitrite plus nitrate were combined with nitrate
analyses. A total of 77 nitrate analysis detections are present
in GWQDB with 22 of those detections as exceedances of
the nitrate-nitrogen MCL (Fig. 14).
Of all the data compiled in GWQDB, nitrate was detected

the most frequently at 76 percent (Table 7). Furthermore,



nearly 18 percent of sampled wells had nitrate concentrations
above the MCL of 10 mg/L (Table 6b).
When these detections are plotted by concentration and

well screened interval, it is apparent that high nitrate concen-
trations occur at all depths within the shallow aquifer (Fig. 15).
Figure 15 presents average annual nitrate concentrations for
a particular well during a particular year for wells sampled
more than once per year. When more than one nitrate analy-
sis existed for a well, an annual mean was plotted along with
its standard deviation.

VOCs

VOCs are synthetic compounds that are in wide use
throughout the United States (Zogorski, et al., 2006). They
do not naturally occur in Delaware ground water, so when
detected they indicate ground water has been contaminated
by human activities. While only 59 samples in GWQDB
were analyzed for VOC and other organic compounds, the
suite of analytes tested in these analyses can be numerous.
Because of this, VOC analysis results (individual analyte
detection/non-detections) make up the majority of analysis
results in GWQDB; however most of these are non-detec-
tions (Table 6A).
About 70 percent of the domestic wells sampled had one or

more VOCs detected (Table 6B). Ferrari (2001) reported that
100 percent of 30 public wells sampled had at least one VOC
detected. These ratios are higher than those reported by
Zogorski et al. (2006) for domestic and public wells in a
national study. Few VOC mixtures occur in this dataset with
the exception of MTBE and TAME, which occurred together
in nine out of 44 wells sampled in this study. Fewer co-
occurrences in this study are thought to result from a smaller
overall sample set and an abbreviated list of tested analytes
used by DNREC-TMB.

Figure 16 plots individual VOC contaminants compiled in
GWQDB and categorizes them by common use. Gasoline
compounds, including oxygenates such as MTBE, were
detected most frequently. Applying an assessment level of
0.0002 mg/L for VOCs, MTBE had a detection frequency of
18 percent and was detected in ten wells (Table 7).
Furthermore, seven wells detected MTBE multiple times,
because all of these data were collected from wells located
downgradient of petroleum leaks. PCE had a detection fre-
quency of 4 percent and was detected in two wells (Table 7).
The highest VOC detection frequencies were for MTBE, a

gasoline oxygenate, at 18 percent and chloroform, a water
disinfection byproduct, at 10 percent (Table 7). No national
water-quality standards currently exist for these contami-
nants, although Delaware has established an MCL for MTBE
at 0.01 mg/L. The remaining VOC detections to consider are
all below 10 percent. These contaminants, PCE (a solvent),
TAME (a gasoline oxygenate that often co-occurs with
MTBE), BDCM (bromodichloromethane, a disinfection
byproduct) and trichloroethylene (a solvent) have detection
frequencies of 4, 4, 4 and 2 percent, respectively (Table 7).
Only two of these VOC contaminants have MCLs, PCE and
trichloroethylene, at 0.005 mg/L.
MTBE contamination of wells is a national issue and is

addressed in the 2005 Energy Act. Similarly this has been an
ongoing problem in Delaware, with more than 100 wells
impacted by MTBE and investigated by TMB (P. Ellis, written
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Figure 11. Plot of BQs for selected maximum pesticide concentra-
tions for a given well, in a given year. Therefore, some points may
represent multiple samplings of a particular well. Shaded regions
denote areas of potential human-health concern. Alachlor, atrazine,
cyanazine and simazine all have BQ values within the human-health
range of concern (0.1 to 1). Except for a few alachlor analyses (rep-
resenting three different wells), no detected pesticides exceeded their
human-health benchmarks.

Figure 12. Distribution of most frequently detected pesticides and
the range of concentrations expressed as BQs. Overlapping, con-
centric circles represent multiple, yearly samplings for the same
well.



communication). Dozens of wells have been replaced and
many more have had treatment systems installed. An accu-
rate count of the number of wells replaced or the number of
treatment systems installed is not possible from information
available to this study. Six wells (Table 6B) in the GWQDB
have MTBE concentrations in excess of the Delaware MCL
of 0.01 mg/L (16 Delaware Code, Chapter 1, Section 122
(3)). All of these wells were sampled as part of the DNREC-
TMB program and are located near sites with known leaking
underground gasoline storage tanks.

Capture Zone Delineation and LULC

A capture zone is the area within an aquifer that drains to
and is captured by a pumping well (DNREC, 1999). Figure
17 illustrates that the majority of wells with detections of
VOCs had capture zones that consisted of at least 25 percent
urban and suburban LULC. No other LULC type had as
high a proportion of wells with detections of VOCs. The
association of VOC with urban/suburban LULC is consistent
with that found in a national study of VOC occurrence in
ground water (Squillace et al., 1999; Moran et al., 2002;
Moran et al., 2004; Zogorski et al,. 2006) and could explain
the higher detection rate of VOCs in Delaware compared to
nationwide. The higher frequency of detection of VOCs in
urban/suburban LULC may be attributed to more potential
sources and releases of VOCs in addition to structures such
as recharge basins and dry wells that serve to quickly route
water into the shallow aquifer (Zogorski et al, 2006).
Consistent with findings of Denver et al. (2004) for
Delaware and of Squillace et al. (2004) for the entire United

States, wells located in areas where agriculture is the preva-
lent LULC had higher frequencies of detections of herbi-
cides and pesticides than wells in other LULC categories.
Forest and wetland LULC types yielded a minimal count of
wells with detections.

RESULTS OF CONTAMINANT FLOW
PATHS AND RISK ASSESSMENT

Flow Paths and Buffer Zones

The results of the contaminant flow-path modeling exper-
iment are a collection of lines representing the expected
ground-water flow paths, and polygons representing uncer-
tainties due to the effects of unknown source area sizes, dis-
persion, diffusion, and heterogeneity in subsurface condi-
tions. The polygons are buffer zones that increase the area
and volume of potentially contaminated ground water.
Therefore, they are conservative with respect to protecting
the health of people consuming potentially contaminated
water originating from contaminated sites.
The 5th, 25th, 75th, and 95th percentiles of the calculated path

lengths and buffered zones were computed for the state and
its three counties. New Castle County yielded the longest
flow paths in all percentiles (Table 8). This is a direct result
of the greater water-table gradients and can be attributed to
the greater relief of land surface and the water table in that
area. Sussex County, conversely, exhibits the shortest flow
paths, which can be attributed to the lesser relief of land sur-
face and the water table. As expected, results also show that
trends in areas of buffer zones correspond with the trends in
path length.
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Figure 13. Majority of analysis results for metals and inorganic chemicals (major and minor ions). Analyte tallies were
determined from a total of 145 samples analyzed for metals and major/minor ions and compiled into GWQDB. An
exceedance tally is part of the detection tally shown for a specific contaminant.
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Figure 14. Majority of analysis results for nutrients, nitrate and
nitrite. Analyte tallies were determined from a total of 133 samples
analyzed for nutrients and compiled into GWQDB. An exceedance
tally is part of the detection tally shown for a specific contaminant.
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Figure 16. Majority of analysis results for VOCs, categorized by use. Analyte tallies were determined from a total of 59 samples ana-
lyzed for VOCs and compiled into GWQDB. An exceedance tally is part of the detection tally shown for a specific contaminant.



Due to the spatial clustering of contaminant source loca-
tions and the resultant overlapping of contaminant flow-path
polygons and buffers, a number of wells are located within
multiple contaminant flow-path areas. Some wells are locat-
ed within up to seven overlapping polygons (Fig. 18). Of the
34,059 domestic wells in the DGS wells database with loca-
tion data, 3,051 were located within the modeled contami-
nant flow-path polygons and buffers. The numbers of wells
are 207, 1,195, and 1,649 in New Castle, Kent, and Sussex
Counties respectively.

Risk Assessment
Because of the aforementioned uncertainties in modeling

contaminant flow, four risk ranking models were developed
and tested. These models are qualitative or semi-quantita-
tive in that they assess relative risk of contamination to wells
and not a probability of contamination. There are not ade-
quate data on subsurface conditions, the amounts of contam-
inants, the start and duration of contaminant releases, and

precise determination of contaminant source areas to support
development of probability-based ranking models, such as
the one proposed by Maxwell and Katsenberg (1999).
Maxwell and Katsenberg (1999) attempted to predict cancer
risk from exposure (ingestion, inhalation, dermal) to conta-
minated ground water through the use of a coupled ground-
water contaminant transport simulator with a carcinogen
exposure – cancer risk estimator. They found that uncertain-
ties in exposure to contaminants related to uncertainties in
aquifer properties (e.g., hydraulic conductivity, dispersivity)
were roughly the same order of magnitude as uncertainties in
estimating cancer risk due to human behavior related expo-
sure factors. As a result, the model was unable to improve
predictions of cancer risk from exposure to ground-water
borne carcinogens over predictions done without consider-
ing contaminant transport by ground water.
The four risk ranking models (Table 9) were derived by

using different weighting schemes for the four risk criteria
(known or potential contamination impact, well depth, distance
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Minimum 5th% 25th% Average Median 75th% 95th% Maximum Count

Delaware 0.000 0.008 0.075 0.217 0.180 0.285 0.602 1.230 1636

New Castle County 0.002 0.045 0.135 0.325 0.270 0.465 0.735 1.230 534

Kent County 0.002 0.033 0.127 0.227 0.285 0.285 0.436 0.628 488

Sussex County 0.000 0.002 0.030 0.114 0.076 0.165 0.337 0.549 614

Length of Modeled Contaminant Pathlines (km)

Table 8. Statistics on output of the contaminant transport model.

Minimum 5th% 25th% Average Median 75th% 95th% Maximum Count

Delaware 0.000 0.008 0.075 0.217 0.180 0.285 0.602 1.230 1636

New Castle County 0.002 0.045 0.135 0.325 0.270 0.465 0.735 1.230 534

Kent County 0.002 0.033 0.127 0.227 0.285 0.285 0.436 0.628 488

Sussex County 0.000 0.002 0.030 0.114 0.076 0.165 0.337 0.549 614

Length of Modeled Contaminant Pathlines (km)

Minimum 5th% 25th% Average Median 75th% 95th% Maximum Count

Delaware 0.000 0.008 0.075 0.217 0.180 0.285 0.602 1.230 1636

New Castle County 0.002 0.045 0.135 0.325 0.270 0.465 0.735 1.230 534

Kent County 0.002 0.033 0.127 0.227 0.285 0.285 0.436 0.628 488

Sussex County 0.000 0.002 0.030 0.114 0.076 0.165 0.337 0.549 614

Length of Modeled Contaminant Pathlines (km)

Minimum 5th% 25th% Average Median 75th% 95th
% Maximum Count

Delaware 0.00 0.08 5.65 126.60 34.92 291.52 486 .80 1295.78 4951

New Castle County 0.00 0.43 10.47 157.78 48.67 293.22 609.21 1295.78 1519

Kent County 0.00 0.18 6.07 124.32 35.43 168.39 494.56 874.89 1218

Sussex County 0.00 0.02 3.57 106.45 29.52 291.46 405.20 676.46 2214

Area of Modeled Buffer Zones (km2)
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Figure 17. Domestic wells with contaminant detections in mod-
eled capture zones by specific land use/land cover.
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Figure 18. Numbers of wells located within modeled risk zones.



from source, and contaminant solubility). In Models 1 and
3, the highest risk is assigned only if a well had the lowest
value in each of the ranking criteria (Table 4). The highest
risk category for models 2 and 4 allowed one of the ranking
criteria to have a value of 2. This is expected to increase the
number of wells in the highest risk category.

Model 1 incorporated the original matrix, in which the
summed risk values were grouped using the risk level ranges
shown in Table 10. In Model 2, the ranges of values in each
risk category were modified to more evenly distribute the
number of wells between the risk categories (Table 10).
Model 2 also included a “Negligible” classification for the
wells where the totaled value was larger than a threshold
value resulting in an unlikely risk of contamination for the
respective well. In Model 3, well screen depth was divided
into 4 classes and greater risk was assigned to deeper (75 ft
deep) wells. Model 4 combined the risk levels of Model 2
and risk range II (Table 9).
Model 1 yielded the greatest number of wells (2,657) in

the medium risk category (Table 11). The other models pro-
vided more even distributions of the total number of wells
having medium or low risk. Model 4, where a risk level of
“negligible” was used, (Model 2 included “negligible”; how-
ever no wells totaled within the parameters) resulted in a rel-

atively even spread of wells in risk categories of medium,
low or negligible. Model 4 resulted in approximately 50 per-
cent of wells in the medium category and 30 percent and 20
percent of the wells being in the low and negligible risk cat-
egories, respectively.
Models 2 and 4 incorporate risk level range II, where the

high category risk level range increased to five. The result
of this was the number of wells in that category increased
roughly 10 times compared to risk level range I (Table 11).
However, it should be noted that the number of high risk
wells, using all models, totaled to slightly more than 1 per-
cent of all wells located within risk zones. Considering that
the number of wells having spatial coordinate data is now
more than half of all known wells, we estimate that the total
number of wells located in the significant risk zones is
between 1 and 2 percent.

CONCLUSIONS
Water quality data from more than 200 wells were charac-

terized in this study. In general, the spatial distribution of
wells is adequate to describe overall conditions for the gen-
eral population of domestic water supply wells. Water qual-
ity data are comprised of four general contaminant cate-
gories, volatile organic compounds (VOCs), pesticides, met-
als and major ions, and nutrients.
Known and potential sources of ground-water contamina-

tion were catalogued and categorized. The risks the sites
pose to water-supply wells were ranked through the use of a
conservative contaminant transport model. A small number
of domestic wells (1 to 2 percent) are located in areas of sig-
nificant risk. Although we can not conclusively document
the sample data, it appears highly likely that wells in these
risk zones have been sampled during DNREC-mandated
studies of contaminated sites. As a result, it is unlikely that
residents in these areas are consuming contaminated water.
Pesticides and VOCs are frequently found at concentrations

much belowMCLs or HBSLs. Concentrations of these chem-
icals above MCLs or HBSLs rarely occur. The herbicides
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Method Description

Model 1.

Model 2.

Model 3.

Model 4.

Wells selected using original matrix and risk level range I.

Wells selected using original matrix but with a new risk level value range II.

Wells selected using matrix criteria; using 4 classes of well depth. (0 -50'; 50' -75'; 75' -100'; +100') 
and risk level range I.

Wells selected using Method 3 with risk level range II.

Table 9. Summary of models used in assigning risk.

CLASSIFIED 
RISK

CATEGORIES
RISK LEVEL 

RANGE I
RISK LEVEL 

RANGE II

High

Medium

Low

Negligible

4

5 – 10

10+

N/A

5

6 – 8

9 – 12

13+

Table 10. Risk level ranges used for categorizing risk.

Risk Ranking Model
Risk Classification

Model 1 Model 2 Model 3 Model 4

High 4 3 35

Medium 2,657 2,160 1,492

Low 390 888 920

Negligible N/A

37

1,811

1,203

N/A N/A 604

Table 11. Number of domestic wells in risk categories by model.



atrazine and alachlor are the most frequently detected, and
alachlor is the only pesticide that occurs above the MCL.
Nitrate was detected in more than 75 percent of wells sam-
pled and exceeds the MCL in 18 percent of wells sampled.
Of the VOCs, the gasoline-related compounds MTBE and
TAME are the most frequently detected; however, this result
is biased by the proximity of some wells to known contami-
nant sources. Of significant concern are the facts that more
than 100 wells have been impacted by MTBE and other
gasoline-related VOCs, and as a result, dozens of wells have
been replaced and dozens of water-treatment systems have
been installed.
The frequency of detection of VOCs is greater in public

wells than in domestic wells. This is consistent with nation-
al trends and is thought to be a result of two main factors:
public wells are more frequently located in more densely
developed urban/suburban LULC settings than are domestic
wells and public wells use higher pumping rates than domes-
tic wells. Greater numbers of contaminants are detected in
public wells than are in domestic wells; however, this result
may be biased by the reduced number of analytes tested in
samples collected for the DNREC-TMB program. The fre-
quency of detection of pesticides is greater in domestic
wells. This is consistent with the larger proportion of
domestic wells being located in agricultural LULC settings.
Contaminants are frequently found at concentrations much

below MCLs or HBSLs and rarely exceed MCLs or HBSLs.
The exceedance rate is similar to that in national surveys.
The detection rate of VOCs in Delaware is higher than in
national surveys. The types of contaminants found in wells
are consistent with the LULC of the areas contributing water
to the wells. VOCs are most commonly associated with
urban/suburban LULC and pesticides and nitrates are most
commonly associated with agricultural LULC. This is con-
sistent with national trends.
Water-quality data are not adequate to address this ques-

tion. A conservative risk assessment model that accounts for
locations of wells and contaminated sites and ground-water
flow directions indicates that a relatively small number of
wells are potentially at risk for contamination due to prox-
imity of a well to a contaminated site. Water quality meta-
data collected from the State programs responsible for these
contaminated sites are not adequate to determine if these at-
risk wells have been sampled. The addition of the well per-
mit number to the sampling and analysis records for each
and every sample collected for state programs would be an
inexpensive way to quickly provide an adequate dataset to
address this issue. It is estimated that state-issued tags show-
ing well permit numbers are now present on more than half
of all domestic wells.
Following application of data QA/QC rules, the number

and distribution of sampling points located in proximity to
known contaminated sites are not adequate to the main
issues of this study. The addition of the well permit number
to the sampling and analysis records for each and every sam-
ple collected for state programs would be an inexpensive and
effective way to quickly provide an adequate spatial distrib-
ution of sampling points.

RECOMMENDATIONS
Considering the similarity of the results of this study com-

pared to those reported studies of public water wells in
Delaware and those from national studies, we do not recom-
mend conducting a study at this time that employs random
sampling methods for selecting domestic wells to be tested
for VOCs, pesticides, metals and major ions, or nutrients.
However, given the prevalence of contaminants and ground-
water flow conditions in Delaware, we recommend that such
a study be conducted at 5-to-10 year intervals, but only in
conjunction with efforts to evaluate public water supply
wells.
We do not recommend a state-funded study targeted at

wells located near known sources of contamination as one or
more state programs already are sampling these wells.
From this point forward, well permit numbers should be

required elements of the sampling and analysis records for
each and every sample collected from wells for all state,
county, and local programs.
Programs in DNREC and DPH that collect water quality

data should use professionally developed, centralized elec-
tronic database applications to manage, analyze, and report
these data. The use of collections of paper documents or
electronic images of paper documents as the primary means
for managing, analyzing, and reporting water quality data
should be discontinued as soon as possible.
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